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C Bands have been observed in the fixed mitotic 
chromosomes of Mus musculus L cell with no further 
treatment. 	These bands which are very similar to G 
bands, can be seen by phase contrast microscopy, ultraviolet 
microscopy and Gold/Palladium shadowing. 	This indicates 
that the cause of banding is a differential distribution of 
chromatin. 	Alterations in chromatin morphology can be 
induced by post-fixation treatments of the fixed chromosome. 
A model is constructed on this evidence which unifies the 
apparent variety in the techniques which are thought to 
induce G bands and explains the action of Giemsa stain. 
It is concluded that these treatments act by promoting the 
disruption of chromatin structure which is then reformed 
in the presence of the Giemsa stain, the Azure-B component 
of the stain acting in a manner similar to- divalent 
cations. A new technique for inducing C bands is reported. 
The denaturation and differential reassociation of DNA is 
not a suitable explanation of the mechanism of this 
technique. The hypothesis put forward here, explaining 
G bands, also explains the induction of C bands as a 
result of a differential destruction of chromatin morphology. 
The differential distribution of chromatin that gives G bands 
is thought to be disrupted by a technique that maintains the 
more resistant morphology of the centromeric heterochromatin 
C bands. 
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The second part of the thesis shows that the unique 
DNA sequences of Drosophila melanogaster and Drosophila 
simulans differ from each other. This is not surprising, 
except that the polytene chromosomes of the two species 
are virtually identical. 	This experiment shows, therefore, 
that chromosome structure can tolerate differences in DNA 
sequence or that only a small proportion of the unique 
DNA specifies the chromosome structure. 
DNA transcribed from D. melanogaster m RNA was found 
to be more conserved than total unique melanoaster DNA 
in cross reactions with D. simulans DNA. This evidence is 
interpreted to favour a model of DNA evolution in which 
a large fraction of DNA has no sequence specific function 
and may be evolving by random base substitution. 
"Only in very simple organisms can variation occur 
entirely in small independent stages. 	Only in bacteria 
can speed of growth and size of populations allow the 
organism to wait for the appearance of a mutation in 
order to adapt. 	Evolution has become possible only 
because genetic systems have themselves evolved. 	As 
organisms become more complicated their reproduction 
also becomes more complicated. A whole series of mechanisms 
appears •.... which help to reassort the programmes and 
compel them to change: the scattering of the genetic pro-
gramme over several chromosomes; 	the presence of not 
one but two copies of each chromosome in each cell; 
the alternating phases of one set and two sets of 
chromosomes 'uring the life cycle; the independent 
segregation of chromosomes; the recombination by breakage 
and reunion of homologous chromosomes and so on." 
The Logic of Living Systems. 	F. Jacob. 
Allen Lane 	London 	1974 
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Two of the major disciplines in the biology of this 
century have been cytogenetics and molecular genetics. 
These have interacted with each other continuously. The 
concept of a gene and a mutation are clear examples of 
ideas that originated in one context and were then applied 
and altered in the other. 	To oversimplify, these 
disciplines have been the study of the genetics of two 
organisms, Drosophila melanogaster and Escherichia coil. 
The word genetics is used here to mean the physiology of 
descent 	(Bateson,1913). 	The differences and 
similarities between the fruit fly and the bacterium 
hold out the promise of major insights into the genetic 
mechanisms which allow the elaboration of complex 
multicellular organisms. 	At present these insights 
are regarded as being most likely to come from the advance 
of the molecular techniques first used on prokaryotes. 
Because of this and because the phrase has a modern ring 
the term molecular cytogenetiCs is increasingly used to 
describe work that falls between the established schools 
of cytogenetics and molecular genetics. 	This thesis 
forms part of this presumptive discipline. If from time 
to time the argument jumps suddenly from a microscope to a 
C 0 curve the fault lies at least partly in the nature of 
the problem. 
Apart from the considerable biological promise of 
this field it has the good fortune to have a number of 
socially significant, not to say useful, applications. 
These range from curing cancer to the manipulation of the 
genome. 	Needless to say if it is possible to cure or 
prevent genetic disease and create new higher yielding 
strains of sheep and wheat it will also be possible to 
design very selective pathogens and alter the human genome 
in less acceptable ways. 	Indeed the concern with the 
social consequences of this research is only beginning. 
This, however, is not the traditional place for arguing 
these problems. 
The questions that are more often the concern of the 
molecular cytogeneticist are: 
How many genes are there in man, mouse, Drosophila, 
Xenopus, Triturus and PlethodorL? 
How similar are the genes of man and mouse? 
How is a chromosome organised? 
Are different genes used in different tissues? 
Are there particular genes associated with cancer? 
What is the function of the large quantities of 
DNA in higher organisms? 
What is heterochromatin? 
This is a huge area and it has been reviewed in the 
recent Cold Spring Harbor Symposium (1973), Swift's summing 
up in this volume shows the trends and tensions in this 
field very well. 	I wish to concentrate on two questions, 
What is the organisation of eukaryotic DNA? 
and more particularly, 
How is this DNA organisation related to the function 
and architecture of chromosomes in higher organisms? 
The chromosome is made up of nucleic acids and a number 
of proteins and even though there is some discussion about 
exactly what proteins are involved it is clearly a promise 
of molecular cytogenetics that the microscopic structure and 
genetic functions of chromosomes will be explained in 
molecular terms. 	It could be argued however that the 
structure of the chromosome is in itself uninteresting, 
being the fortuitous and insignificant consequence of 
the molecular processes; chromosomes are mere packages. 
The first question to be answered then is what is important 
about chromosomes? 
The Importance of Chromosomes.  
a. The Meiotic Chromosome. 
Mendelian genetics results from the cellular mechanisms 
which accurately carry the genetic information from cell to 
cell and generation to generation. The mechanisms which 
accomplish the events of mitosis and meiosis are very 
similar in all multicellular organisms. The ability to 
handle the precise distribition of large quantities of 
DNA in cell division appears to have been a major step in 
evolution. 	This problem was overcome by the development 
of systems which condense the long threads of chromatin 
into a number of discrete organelles, chromosomes. 
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These chromosomes are then distributed between the two 
daughter cells by the action of a second set of mechanisms, 
the centrioles and spindle arrangements, which may have 
evolved later as they depend on condensed chromosomes to 
operate. 
In protozoa there is a wider range of genetic 
mechanisms than in higher organisms. This phylum appears 
to retain some primitive features of genetic organisation. 
In the protozoan Stylonichia, as in many protozoa, there 
are two types of nucleus. 	One of these, the micronucleus, 
divides by precise mechanisms whereas the other, the 
macronucleus, appears to divide without specialised 
mechanisms (Ammermann, 1971). 	After some period of this 
vegetative division the cells 'age' and the macronucleus 
is discarded to be replaced from the micronucleus by a 
complex series of events (Prescott, Murti and Bostock, 
1973). 	It appears then that we have two types of 
nuclear division in this organism. The one imprecise 
and nonchromosomal and the other, the 'germ-line' nucleus 
which is precise and appears to be very similar to the 
types of division in multi-cellular organisms. 	The 
chromosome far from being a mere package is an essential 
structure in the organism's continued existence, though not 
in its everyday life. 
This example points out what appear to be two 
functions of chromosomes. There is the metabolic function 
in this case fulfilled by the macronucleus and the genetic 
function, fulfilled by the micronucleus. 	Higher organisms 
also have these two functions for their chromosomes. It is 
from the metabolic point or view that chromosomes can most 
easily be seen as packages but at present there are not 
many techniques which %.ould show the effects of chromosomal 
location on gene function. 	It is known however that 
chromosome location affects the time of synthesis of DNA 
(Wargent and Hartmann-Goldstein 1974) and in some cases 
the state of condensation and gene expression (Lewis, 1950; 
Dobzhansky, 1959). The molecular basis of these effects 
is unknown. 
The chromosomal location of genes is of obvious 
importance in the genetic function of chromosomes. The 
phenomenon of recombination of genetic markers is a 
central observation, of genetics. The work of Morgan and 
his colieagues in the early years of the century established 
the nature of linkage and recombination. 	Later cytological 
studies correlated recombination with crossing over between 
the meiotic chromatids. 	Electron microscopy has revealed 
the presence of an elaborate ultra-structure during meiosis 
(Moses 1956 a, 1956b; Fawcett 1956). 	In spite of this 
the molecular mechanisms underlying recombination in 
higher organisms are also unknown. 
The properties of recombination appear to require 
a very fine level of interaction between homologous 
chromatids although this may not extend to a matching of 
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each base pair (Judd 1965). 	It appears that the structures 
seen at synapsis - the synaptinemal complex - are not 
responsible for the pairing but rather for the formation 
of chiasma once the pairing has been established (see Moses, 
1969). 	It seems reasonable to suggest the presence of 
particular sites in the DNA which are responsible for 
pairing and the same or other sites which promote 
recombination. 	Some other mechanism may be at work, 
for instance, particular DNA sequences may be unreplicated 
during the preceeding S phase and be recognised at synapsis 
because of their secondary structure (see Ito, Hotta and 
Stern, 1967). 	Whatever the exact molecular mechanism 
there will be consequences for our views of genetics. 
If, for instance, there are particular sites involved in 
recombination then linkage can be increased by the simple 
process of deleting or modifying these sites. There is 
some evidence for this in maize where a small deletion 
can lead to a much larger loss in recombination than 
is expected from the size of the deficiency (Stadler 
and Roman, 1948). 	This suggests that particular DNA 
sequences may be responsible for recombination. 	On the 
other hand DNA with no sequence specific function can 
affect rates of recombination. The extent of recombination 
is proportional to the amount of DNA separating two markers 
(Le Fevre, 1971). Any increase in the amount of DNA between 
two markers will therefore increase the rate of recombination. 
In order to have this effect the DNA need have no sequence 
specific function. 
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It seems clear then that chromosomes are important 
structures in themselves and that the significance of this 
type of genetic organisation is at best only partly 
understood. The 'mere package' view of chromosomes bears 
some resemblance to 'bean bag' population genetics, to use 
DobzhanskY'S phrase. Adapted for this context the bean 
bag view of chromosomes is that any gene can take up any 
position in the bag and it is not a meaningful question to 
ask why a particular bean is in a given place. 	Genetic loci 
are not arranged in this way for they are linked together in 
a number of groups, chromosomes, and they operate within 
the constraints imposed by the other alleles present. 
b.) Linkage Groups and Numbers of Chromosomes. 
The fact that a group of genes are physically linked 
on a chromosome prevents these genes from assorting randomly. 
In certain cases this is known to have an important function 
in keeping together a group of genes which must be inherited 
together, such as the supergenes in mimicry polymorphisms 
(Kimura, 1956). Recently there has been a growing discussion 
of the general consequences of linkage (Leewontin and 
Kojima, 1960; Bodmer and Parsons, 1962). 	This approach 
to genetics leads to the interesting conclusion that it is 
the chromosome and not the altele that is the unit of 
selection (Leewontin,1970). If this is true then it follows 
that it is not correct to regard an allele as having a 
given fitness without considering the chromosome of which 
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it is a part. One might expect genes which are functionally 
related to be closely linked. 
In bacteria and lower eukaryotes there are many 
examples of the linrage of genes operating in the same 
biochemical pathway. Galactokinase is an enzyme belonging 
to the well characterised Leloir pathway. 	In Escherichia 
coli this enzyme occurs in the same operon as two other 
enzymes in this pathway (Adhya and Shapiro, 1961). 	In 
yeast these genes are also closely linked (Bassel and 
Mertimer, 1971) but in man the galoctokinase gene is found 
on a different chromosome from other enzymes in the Leloir 
pathway (Elsevier et al, 1974). 	This type of result is 
often presented as evidence for the case that genes are not 
functionally linked. This argument is too simple, however, 
for we do not know the functional requirements of a highly 
differentiated metazoan. 	Furthermore at least two examples 
of gene linkage in metazoa concern genes which influence cell 
recognition and differentiation (Bodmer, 1972; Postlethwait 
and Schniedermann, 1973). 	It is possible that gene linkage 
is governed by the problems of development. 	In this case 
we should not be surprised that the genes for foetal and 
adult globin are located on different chromosomes. 
The view that the genome is not a collection of 
independent alleles is brilliantly argued by Mayr (1963). 
He discusses a number of chromosomal phenomena which require 
molecular mechanisms for which there are no bacterial 
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precedents. In some species there are populat.Loris that 
are polymorphic for centric fusions (Staiger, 1954). 
Most Drosophila species will show polymorphism for one 
rearrangement in a particular population but in some species 
of Drosophila a single individual may be heterozygous for 
a dozen inversions. 	These rearrangements might be thought 
detrimental and their maintenance in the population requires 
some special explanation. 
More striking than these examples in showing the 
genetic importance of the chromosome is some work of 
Dobzhansky (1946, Dobzhansky and Spassky, 1960) on 
synthetic lethal chromosomes. Chromosomes of normal 
viability in both the homo- and hetero-zygous state may 
become lethal after cro-ssing over with the same chromosome 
from another population. 	The frequency of lethals is 
is much too high to be due to mutation. The fact that such 
chromosomes are restored to normal viability by crossing 
over shows that the lethality is not due to lethal alleles 
but to epistatic factors acting in a cis manner along the 
chromosome. The easiest way to account for these observations 
is to suggest that the fact that alleles are linked is 
metabolically significant as well as genetically important. 
The proposal that there are important genetic units 
bigger than genes is also supported by simple experiments 
on hybrid vigour. The superiority of the Fl generation 
over the F2 and the parents is usually attributed to 
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heterozygosity. 	But other genetic mechanisms must also be 
present for the reduction in vigour in the F2 is greater 
than the fall in heterozygosity (Vetukhiv, 1954; Brncic, 
1954; Wallace 1955). 	This reduction in vigour is thought 
to be due to the breakdown of what Mayr (1963) has called 
a coadapted gene complex. The molecular meaning of this 
phrase and the more widely used 'epistatic interactions' 
is not yet known. 	This type of observation and the well 
known phenomena of position effects (Lewis, 1950) and 
organisation effects (Dobzhansky, 1959) all suggest that 
there are genetic mechanisms acting at the chromosomal 
level. 
Sex Chromosomes 
In the particular case of the sex chromosomes it is 
quite clear that the distinct selective pressures have 
led to marked differences in the molecular organisation 
of these chromosomes. The different selective pressures 
on the sex chromosomes were pointed out some time ago 
(Muller and Painter, 1932). 	Recently Hennig (1972) has 
shown that the distribution of kinetic classes of DNA in 
the X chromosome and autosomes of D. hydei is quite 
different. 	The Y chromosome might also be expected to be 
distinct. 	In man the Y chromosome appears to be quite 
distinct cytologically (Hsu et al, 1971; Pearson, 1973). 
Differences between the sex chromosomes and autosomes are 
also found by in situ hybridisation. 	Satellite DNA is 
absent from the sex chromosomes of mouse and calf (Pardue 
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and Gall, 1970; Jones, 1970; Kurnit, Shafit and Maio, 1973). 
Autosomes tend to be more homogeneous but there are many 
cases where autosomes carry distinct satellites. 	Man, calf 
and Kangaroo Rat are examples (Jones et al, 1972; Kurnit et 
al, 1973; Prescott et al, 1973). 	The evolution of DNA 
sequences therefore appears to be affected by their chromo-
somal location. 
Numbers of Chromosomes 
The presence of linkage groups raises a number of 
simple questions which, surprisingly, are still unanswered. 
Perhaps the most obvious of these is what factors influence 
the number of linkage groups. 	Clearly the greater the 
number of chromosomes the greater the assortment at meiosis 
but apart from this and Leewontin's rather abstract models 
(19 1 0) the influences on chromosome—nube-r are obscure. 
The number of chromosomes is often similar in related 
species but cells in culture survive with wild variations 
in chromosome number and morphology. 	The chromosome 
number in cell lines starts to vary after the line has 
passed through the crisis which separates a primary 
culture from a continuous cell line. 	This variation in 
chromosome number may be tolerated because the cell line 
does not pass through meiosis. An intriguing result 
shows that in spite of the variation in chromosome 
number the amount of DNA often remains that of the diploid 
cell (Kraemer et al, 1973). 	This constancy of the amount 
of DNA and variability in karyotype is difficult to explain 
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while maintaining that the chromosome is itself an important 
structure in somatic cells. Cells in culture however do 
not have to go through meiosis, fertilization and development. 
The size of particular chromosomes is conserved in the 
wild even between species (Bobrow and Madan, 1973) 	Whether 
this is simply a matter of the rate of recombination of the 
linked genes or other factors is unknown. 
Chromosome number is also affected by centric fusion 
and one might ask what the differences are between meta-
and telo-centric chromosomes. Centric fusion is often 
regarded as being a mechanism of genetic isolation. 	But 
it is worth noting that some chromosome arrangements that 
would appear to be highly deleterious are maintained in the 
wild 	(Mayr, 1963, p.535). 
The techniques for providing molecular answers to many 
of these questions are becoming available. 	It should soon 
be possible, for instance, to investigate whether the 
addition or deletion of untranscribed DNA between two genes 
affects the linkage or metabolic function of these genes. 
Another question which will shortly be answered to give 
insight into the organisation of chromosomes is whether when 
an exogenous gene is incorporated into a genome from which 
that allele has been deleted it returns to the same linkage 
group and the same map position. 
18 
C. > The Spatial Distribution of Genes 
In .discussing the various points above the spatial 
relations of genes has been mentioned several times. 	This 
subject requires a shift in emphasis from the usual types 
of experiment in molecular genetics which ignore this 
question. 	For the most part the Jacob and Monod views 
of genetic control are unconcerned with the location of 
the lactose operon relative to the other genes and 
organelles in the bacterium and it may be that their spatial 
orientation is of no great significance in this system. 
There are bacterial functions however which do require the 
precise orientation of the genome, cell division is the 
obvious example. 	The orientation of the genome in 
space is known to be important in the development of 
higher organisms. 	The plan-e--of.- the -metaphase plate seems 
to stipulate the plane of cleavage and the morphology of a 
developing embryo. 
There is some evidence which indicates that there is 
also a specific orientation of chromosomes in the interphase 
nucleus. 	There are many examples of particular non—homo- 
logous chromosome regions associating (Kaufmann and Iddles, 
1963; Slyzinski, 1945; Pardue et al, 1973). 	The arrangement 
of the Y chromosome in Drosophila spermatogenesis is a 
particularly striking example of the precise positioning of 
the chromosome within the nucleus (see Hennig et al, 1973). 
The pattern of heterochromatin in an interphase nucleus is 
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also characteristic of the tissue studied (Hsu,1971) or 
the stage of the cell cycle (V. Whitehead, pers. comm.). 
All these examples indicate that the architecture of 
chromatin is under precise control. A possible functional 
significance of these observations is that they provide 
a mechanism for chromosomal imbalance hich does not 
depend on gene dosage. 	In trisornics, for instance, where 
there is no possibility of deleterious genes being 
uncovered by haploidy, it is difficult to understand 
why gene dosage should cause any abnormalities. 	Most 
alleles seem to be able to compensate over a very wide 
range, after all. 	The trisomic individual would, however, 
be at a severe disadvantage if the nucleus was designed 
around the presence of two chromosomes, the presence of a 
third chromosome would -then disrupt these interactions. 
The Importance of Chromosomes - Conclusion. 
While the preceeding section is far from being an 
exhaustive discussion of the significance of chromosomes, 
I hope it establishes that the chromosome is itself an 
important structure within the cell. 	Indeed I hope it 
goes further than that and that the section shows that there 
are very probably new molecular mechanisms of genetics to be 
demonstrated by the study of the eukaryote chromosome. 
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The Cytological Structure of Chromosomes 
Until now I have deliberately refrained from 
considering the structure of chromosomes in any detail, 
even though the complex organisation and evolutionary 
stability of chromosomes is another piece of evidence for 
important chromosomal functions. 	The linear differentiation 
on the polytene chromosomes of Diptera is an important part 
of the basis of experimental animal genetics but until 
recently there was no evidence that mammalian mitotic 
chromosomes contained this type of structure. The 
chromosomes had to be identified by such properties as the 
position of the centromere. 
a.) Size, Centromere and Secondary Constrictions. 
Even though chromo some sarie notstatic_cel1 organelles 
they do adopt the same structure at metaphase in most cell 
types. The centromere always takes up a position in which 
the lengths of the tw o chromosome arms form a fixed ratio. 
This property with the size of the chromosome and the 
presence or absence of secondary constrictions allows the 
identification of many of the chromosomes in man (Chu and 
Giles, 1959). 
b,) Heterochromatin. 
In addition to these differentiated regions of chromo-
somes some parts of chromosomes are often more densely 
staining than others. 	These darker staining regions are 
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called heterochromatic and often provide information on the 
identity of a particular chromosome. A great deal of care 
must be taken in using the term heterochromatin for it only 
refers to a particular relative state of chromatin condens-
ation and not to a distinct type of chromatin, so far as is 
known at present. 
Neiotic Ch.rQmosomes. 
Meiotic c1.romosomes have shown a great deal more 
structure than their mitotic counterparts by techniques 
used s early as the last century. 	In the early stages 
of meiosis the chromosomes of many plants and animals have 
been shown to be composed of a series of bead like structures, 
the chromomeres. The morphology of these chromosomes is 
stable and can be used to identify individual chromosomes 
(Hungerford et al, 1972). 	The importance of these structures 
Is their relationship to the discrete hereditary factors that 
are carried along the chromosomes, the genes. The chromomeric 
arrangement of meiotic chromosomes, the bands in polytene 
chromosomes and the presence of lampbrush loop chromosomes 
all suggest that there is some relationship between the 
cytological structure of chromosomes and their genetic 
function. 	This problem has been most extensively 
analysed in Drosophila where it appears that a band is a 
unit of genetic function (Judd et al, 1972). 
Polytene Bands. 
In addition to being units of genetic function by 
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the criteria of 'classical' genetics, a single band in a 
plytene chromosome also appears to be a unit of DNA 
replication (Pelling, 1966) and a unit of DNA amplification 
(Key!, 196). 	In particular cases single bands show a 
change in morphology which is associated with a high level 
of transcription. 	These RNA puffs give a product hich 
appears to be a single molecule transcribed from the 
entire length of the band (Lambert, 1973). 	By a number 
of different criteria then bands appear to be cytological 
structures which are also single units of genetic and 
metabolic function. 
The amount of DNA between genes in a salivary gland 
polytene chromosome is directly proportional to the 
recombination rate (Le.Fevre, 1971). 	It seems reasonable 
to suppose then that there is a correspondence between 
polytene bands and meiotic chromomeres. Further evidence 
for the correspondence between meiotic and mitotic 
chromosomes will be presented in this thesis. 
e.) Mitotic Metaphase Chromosomes. 
Recently a number of techniques have been discovered 
which either stain heterochromatic regions of chromosomes 
or give a more complex differential staining along the 
length of the chromosome, fig.1. 	This allows the 
identification of individual chromosomes and is extremely 
important for this reason. 	The mechanisms underlying 
this differential staining are also important in that 
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Figure 1 
A representation of the relationship between all the 
different differential staining patterns of mitotic 
metaphase chromosomes. 
1. The normal stained but untreated chromosome showing 
only the primary constriction. 
2. G bands. Sumner et al, 	1972. 
3. Q bands. Casperssori et al, 	1968. 
4. R bands. Dutrillaux and Covic, 	1974. 
5. T bands. it 	 it 	
it 
6. C bands. Arrighi 	and 	Hsu ; 	1971. 
7. Sister chromatid exchange. 	Latt, 	1973. 




they reveal something of the 'ay the DNA is organised to make 
up a chromosome. 
Figure 1 shows diagramatically the differential 
staining of chromosomes achieved with various techniques. 
It is clear that there are a range of techniques 
available which stain particular regions. 	A number of 
questions present themselves: a) what are the properties of 
these regions that lead to them being differentially stained? 
Any answer to this question must incorporate some hypothesis 
about the nature of the staining proceedures and the behaviour 
of the chromosome under these conditions. 	b) what is the 
relationship between these differentially stained regions 
and the distribution of particular DNA classes or genes? 
c) what is their relationship with meiotic chromomeres? 
It is clear that these recent observations have opened 
up what is potentially an exciting area for investigation. 
The significance of these structures is a major part of this 
thesis. 	It seems that p1l chromosomes mitotic or meiotic 
carry an elaborate linear organisation both structurally 
and functionally. 	DNA replication in mammalian chromosomes 
occurs differentially along the length of the chromosome - 
(Stubblefield and Mueller, 1962; Stubblefield and Gay, 1970) 
in a manner similar to that in Drosophila. There is, 
apparently, no equivalent of RNA puffs in mammals but the 
relationship of transcription to chromosome structure should 
become clear in the near future. 
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Ultrastructure of Chromosomes 
The picture of chromosomes that emerges from light 
microscopy is essentially limited to distinguishing between 
pieces of the chromosome at the chromomeric level. In 
cooperation with cytochemical techniques, however, the 
light microscope is still a powerful tool. 	The elegant 
evidence for semi-conservative replication of DNA reported 
by Taylor, Woods and Hughes (1957) and the analysis of 
DNA replication by autoradiography (Huberman and Riggs, 
1968) is another example of the powerful use of the light 
microscope to ask ultrastructural questions. 
The greater resolution of the electron microscope 
has not led to any simply and widely accepted view of 
chromosome structure (DuPraw, 1965; Ris and Kubai, 1970; 
Stubblefield, 1973; Abuelo and Moore, 1969; Solari, 1968 
and 1972; Stubblefield and Wray, 1971). 	Indeed, far from 
solving the problem of chromosome structure there is still 
a great deal of discussion about the thickness of a unit 
chromatin fibril. The reasons for these difficulties 
derive from the problems in preparing chromosomes for 
observation as a chromosome is designed to change its 
shape. Thus there are many different structures which 
may all be 'correct' and the preparative treatment may 
well induce changes in the chromosome. After all what a 
chromosome is supposed to look like in the light microscope 
is also a matter of convention. 
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Even in the obvious and large scale structures of 
the polytene chromosome the electron microscope has 
not led to any dramatic new vievs of chromosome structure 
(Sorsa, 1973) until recently (Manning, Schmid and Davidson, 
1974). These new uses of the electron microscope are quite 
different in approach from the cytological techniques, in 
that the electron microscope has become the tool of the 
biochemist. 
By far the most striking of these new applications 
of the electron microscope has been those that reveal the 
RNA sequences in transcription (see Hamkalo, Miller and 
Bakken, 1973). 	The organisation of the region coding 
for ribosomal RNA, the nucleolus organiser, has also been 
shown by the use of the electron microscope (Wellauer and 
Dawid, 1973). 	The types of question raised by the schools 
of Norman Davidson and Oscar Miller are quite different from 
the earlier attempts to build models of entire chromosomes. 
Yet they do reveal the architecture of particular chromosome 
regions and one assumes that this type of study will 
ultimately lead to precise models of chromomeres and 
chromosomes. 
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The Molecular Organisation of Chromosomes 
The Composition of Chromosomes 
A number of studies have characterised the different 
amounts of DNA, RNA and protein in isolated metaphase 
chromosomes. Between 15% and 25% is DNA, the amount of 
RNA is similar and relatively there is twice as much 
protein (reviewed by Prescott 1970). 	The interpretation 
of this type of result is not straightforward, however. 
Just as the structure of chromosomes varies with the stage 
inthe cell cycle so too does chromosome composition. 
Cytochemical stains show a close association of RNA with the 
metaphase plate but during interphase the majority of the 
nuclear RNA is discretely packaged in the nucleolus. 
Another example of alteration in protein composition of 
chromosomes is the unusual polypeptides associated with 
chromatin in sperm. 	It is clear then that the composition 
of chromosomes varies in different cell types and in 
different stages of the cell cycle. 
Another difficulty which confuses estimates of the 
molecular composition of chromosomes is the danger of 
contamination from the nucleoplasm and cytoplasm. 	In 
studying the types and variation in chromosomal non-
histone proteins (Comings et al, 1973) or chromosomal RNA 
(Bonner et al, 1968) extreme care has to be taken to 
ensure that the material studied is actually chromosomal 
in origin. Bonner and his colleagues are well aware of 
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this difficulty (Bonner et al, 1967) but even so their 
discovery of chromosomal RNA has been extensively 
criticised on the grounds of contamination (Toistosher and 
Wells, 1974; Scharpe and van Parijs, 1974). Cytochemical 
staining for non-histone protein in fixed nuclei led Zirkin 
and Wolfe (1970) to the conclusion that there was very little 
non-histone protein associated with the chromosomes in the 
cell. 	If this is true then studies of the changes in 
non-histone protein in different cell types may simply 
be assaying alterations in the nucleoplasul and not presumptive 
control proteins. 
The histones are always found in association with DNA 
and although a great deal is known about these molecules 
their function remains unclear. 	There are too few different 
histones for there to be much flexibility in their use 
unless they are used in cO 	PtRedëntTY some evidence 
has been presented which suggests that they are arranged 
in a specific order and this has been related to the structure 
of chromatin (Kornberg and Thomas, 1974; Kornberg, 1974). 
The situation is not at all simple however, for example 
lysine rich histones are thought to condense chromatin 
but in possible contradiction to this Swift (1964) has 
found no change in histone hen a chromosome region puffs 
and there is no difference in the ratio of histone to DNA 
between band and interband in a polytene chromosome 
(Gorovsky and Woodard 1967). 	It appears then that there 
need not be large changes in histones when there are 
alterations in chromosome structure. 
In contrast to the uncertainty that surrounds these 
proteins the amount of DNA per metaphase cell is constant 
in different cel' types in a single organism. Generally 
a particular species has a given amount 0VDNA per haploid 
cell (Mirsky and Ris, 1951) but there are exceptions. The 
most striking example that breaks this rule is the occurrence 
of ancillary chromosomes, B chromosomes. These are very 
common in plants (Rees and Hutchinson, 1973) but are also 
found in animals, notably in the order Orthoptera (Hewitt, 
1973). 	These examples of variation in karyotype are 
significant as they pose many of the same questions as 
repeated DNA sequences, where do they come from? How are 
they spread through a population? Do they have any function? 
The Organisation of Eukaryotic DNA 
The DNA of higher organisms includes a significant 
fraction which is present in many copies. This has been 
established using a number of techniques, reassociation 
(Britten and Kohne, 1968; Walker, Flamm and McLaren, 1969) 
sequencing (Southern, 1970; Gall and Atherton, 1974), 
cyclisation of DNA fragments (Thomas et al, 1973; Hennig, 
1972), and digestion with bacterial endonucleases 	- 
(Southern and Roizes, 1973; Southern, 1974; Cooke, 1974). 
The properties of this repeated DNA have been extensively 
reviewed(Britten and Kohne, 1969; Walker, 1969, 1971; 
Southern, 1974; Bostock, 1971). 	The major problem in 
this field is that the function of this DNA is completely 
unknown. Different hypotheses of its function require 
different types of DNA organisation, thus a great deal 
29 
or work has been done to show th' -. sine of 
these sequences 
j'nt to 	 6enes. The reason for this is 
that it was thought that repeated sequences could be involved 
in the control of gene expression and this appears to require 
the two types of sequence being adjacent, at least in 
bacteria (Jacob and Monod, 1961). 	This approach has 
recently been reviewed (Davidson and Britten, 1974). 
Another aspect of DNA function IS its transcription 
into RNA and it is clear that the heterogeneous nuclear 
RNA contains repeated sequences but these do not leave the 
nucleus (Ftrtel and Lodish, 1973; Spradling et al, 1974). 
Some part of the repeated sequences may be involved in 
post-transcriptional control of gene expression and the 
processing of gene products. 
The relationship between repeated DNA sequences and 
chromosome structure was first indicated by a biochemical 
analysis conducted by Maio and SchildkraUt (1969). 	They 
showed that the highly condensed heterochrOmatifl in mouse 
liver nuclei was enriched for satellite DNA. 	Subsequently 
an extremely elegant technique for localising DNA fractions 
on metaphase chromosomes was developed (Pardue and Gall, - 
1970; Jones, 1970). 	These first experiments showed 
that mouse satellite DNA was localised in the centromeriC 
heterochrOmatifl. 	Subsequently many different satellites 
have been shown to be localised in the peri-centrOmeric 
heterochromatifl (Gall et al, 1971; Pardue, 1973; Hennig 
et al, 1970; Arrighi et al, 1970; Jones and Robertson, 
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1970; Rae, 1970). 	This is not. a hard rule, however, for the 
satellite DNA of Xenopus laevis is localised in the short 
arm of one of the chromosomes (Pardue, Birnstiel and 
Brown, 1973) and the satellites of Kangaroo Rat, 
Dipodomys ordii, occupy entire short arms of some of the 
chrtmoomes (Prescott, Bost.pck, Hatch and Mazrimas, 1973). 
This work by Prescott and his colleagues is also the only 
example of an in situ hybridisation result which has been 
confirmed by an independent method of locating particular 
DNA sequences in the chromosome, in this case labelling 
late replicating DNA. 	To my knowledge there is only one 
homogenous repeated DNA fraction which has been shown to have 
a non-localised distribution in the chromosome (Hearst et al, 
1973). 	If this is true then this is an extremely 
interesting fraction of DNA for it has the properties 
Britten and Davidson (1969) expect of a repeated control 
sequence. There are a number of other questions that 
could be asked of this DNA, for instance what mechanism 
maintains the homogeneity of these repeated sequences 
and how have they been scattered through the genome? 
The technique of in situ hybridisation has also been 
used to localise structural genes in the polytene chromosomes 
of Drosophila (Pardue, Weinberg, Kedes and Birnstiel, 1972) 
and there have been reports of the localisation of the globin 
genes in man although these have been disputed (Bishop and 
Jones, 1972; for review see Wimber and Steffensen, 1973). 
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These techniques are clearly of considerable 
importance in the analysis of the structure of eukaryotic 
chromatin. They also led to the discovery of unusual 
staining properties of chromosomes (Arrighi and Hsu, 1971; 
Sumner, Evans and Buckland, 1972). Because of their 
association with in situ hybridisation the regions of the 
chromosome that stained using these techniques were thought 
to contain repeated DNA sequences. 	The first part of the 
experimental section of this thesis contains results which 
show that this is not the case. This work also raises 
possible difficulties in the in situ hybridisation technique. 
The second part of the results section of this thesis 
discusses evidence which bears on the relationship between 
chromosome structure and DNA organisation but from a different 
approach. 	The polytene chromosomes of Drosophila melanogaster 
and Drosophila simulans are almost identical (Horton, 1939) 
and many theories of the role of repeated sequences specify 
some chromosomal function (see Bostock, 1971; Walker et al, 
1969; Walker, 1971). 	It is known however that the repeated 
sequences of the two species are not identical (Robertson, 
Chipchase and Nguyen, 1969). 	It appears then that it is 
possible to obtain very similar chromosome structure in spite 
of differences in repeated DNA. 	Results reported here 
show that there are two classes of single copy DNA in these 
two species. One of these classes contains the structural 
genes and is evolving less rapidly than the other which 
may be derived from the simple sequence highly reiterated 
DNA. 
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Materials and Methods 
Differential Staining of Mammalian Mitotic Chromosomes 
Cell Culture 
Mitotic metaphase spreads were generally prepared 
from the Mus L-M cell line (Biocult Ltd.) grown in 199 
medium plus 10% calf serum. 	Chromosomes were also 
prepared from Drosophila melanogaster cell line (Schnieder 
3, a gift of Miss M. Izquierdo), human FLA cells and 
peripheral human lymphocytes. 
Preparation of Fixed Chromosomes 
Mitotic cells, either unsynchronised or partially 
synchronised by release from a 2.5 mM Thymidine block or 
arrested in mitosis with Coichicine (0.06 Vg/ml, 2 hrs., 
B.D.H. Ltd.) were shaken free in the culture medium. The 
cells were spun down and resuspended in hypotonic solution. 
The hypotonic treatment was generally the growth medium 
diluted with three parts of water but 0.01xSSC (1xSSC, 
0.15 M NaCl and 0.015 M Nacitrate) and 0.075 M KC1 were 
also used on occasion. 	After varying lengths of incubation 
in hypotonic solution the cells were fixed in 3:1 Ethanol 
Acetic acid and simultaneously spread on the slide (C. Bostock 
pers. comm.). 	On other occasions chromosomes were fixed by 
the more usual method of spinning out of hypotonic and 
fixing before spreading. 
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Staining of Fixed Chromosomes 
Most commonly the stain employed was Giemsa (B.D.H. Ltd.) 
diluted 1:40 with Srensons buffer pH 7.2 . The time of 
staining was monitored by microscopy but was generally 
20 minutes. Feulgen staining was also employed (Gurr, 1965) 
to detect the distribution of DNA in chromosomes (for 
discussion see Davies and Walker, 1953). 
Shadowing of Fixed Chromosomes 
This was carried out according to the method reported 
by Gormley and Ross (1972). 
Critical Point Drying 
This was conducted according to the procedure of 
Anderson (1966). The only modification was that the 
chromosomes were spread on a glass slide and the slide 
was then cut into small enough pieces to fit into the 
pressure vessel. For microscopy after the procedure 
the slide was reconstituted by sticking it together. 
Microscopy 
The distribution of chromatin was investigated by 
ultraviolet absorbtion microscopy using a Zeiss UMSP., a 
lOOx Ultrauluar objective and Polaroid 55P/N film. Two 
wavelengths were employed 260 nm. and 240 nm. with a 2nm. 
wil 
slit 'Aidth and a 5 nm. half band width. 	I am grateful 
to Dr. H. G. Davies for use of his equipment and to 
Dr.M . J. Moses for taking the photographs. 
Light microscopy was carried out with a standard 
Zeiss microscope using a Zeiss Neouluar 63x/0.90 objective 
with a correction collar. 	The material was mounted in air 
and the correction collar used to adjust for the difference 
in path length. 	These conditions gave optimum contrast 
and resolution. Photographs were taken on Ilford Pail F film 
and printed on Kodak bromide no. 3 paper in most instances. 
It is worth noting that the contrast in the prints is 
increased over the original by the use of high contrast 
paper developer and extending the developing time of the 
film. 	This is partiáularly marked in the prints of 
the ultraviolet micrographs,_ 
7. BUDR Treatment 
The administration of BUDR (5 1 -Bromodeoxyuridine, 
Sigma Ltd.) to mouse L cells in late S phase leads to a 
marked extension of the centromere (Steward, 1973). 
The cells were partially synchronised by a 2.5 mM Thymidine 
block, they were released from this by changing the medium 
to normal 199 medium. 	After 4 hours in S the medium was 
changed again to 199 with BUDR at 400 pg./ml., the cells 
were left in this for 2 hours, washed in Hanks balanced 
salt solution and the medium replaced with 199 supplemented 
with deoxythymidine at 10 tg./ml., 4 to 6 hours after the 
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BUDR 'as removed the metaphase cells were shaken off and 
the chromosomes prepared. 
Materials and Methods (part 2) 
. Comparison of the Unique DNA in D. melanogaster and 
D. simulans 
The adult flies of both species were recently taken 
in from the wild. Both species were phenotypically wild 
type. The Drosophila melanogastef cell line originally 
isolated by Dr. E. Schnieder (no. 3) was a gift of 
Dr. J. Bishop and Miss M. Izquierdo. 	These cells were 
grown in a medium defined by G. Shields (pers. comm.). 
2. purification of DNA 
DNA was prepared from the adult flies by the method 
of Schweber (1974). Tritium labelled DNA was obtained 
from the cell line by adding tritiated methyl thymidine 
(Amershain RadichemiCal Centre, 19 Ci/rnmol.) to a suspension 
culture of the cells to a final concentration of 10 micro 
Ci/ml. . The DNA was isolated by the method of Walker and 
McLaren (1965) and gave a specific activity of 6.5 X 10 3 
scintillation counts per minute per microgram. 	The 
molecular weight of the DNA from all three sources was 
checked by agarose gel electrophoresis (Southern, 1974) 
against a marker of lambda phage DNA, a gift of Dr. K. Murray, 
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digested with the H.in. d 3 restriction endonuclease 
(prepared by R.D.G.M., H.J. Cooke and P. Mounts according 
to the method of H.O.Smith pers. comm.). 	The great 
majority of the DNA was much larger than the largest H.in. 
fragments of lambda which are about 2000 base pairs long 
(H. J. Cooke, pers. comm.). 
3. Preparation of Single Copy DNA 
Laird (1971) and Manning, Schmid and Davidson (1974) 
have reported complete reassociation curves for D. melanogaster 
DNA. 	Both reports agree that the majority of repeated DNA 
sequences have reassociated by a Cot of 2. 	The unique 
sequences for these experiments were obtained by sonicating 
tritium labelled melanogaster cell line DNA to a weight 
average length of 300 nucleotides (M. McCallum, unpublished 
results). 	This DNA was denatured by heating and teassociated 
to a Cot of 20 (60 °C, 0.12 M phosphate buffer). 	The single 
stranded DNA was separated from the reassociated repeated 
sequences as the former passes through hydroxyapatite 
(prepared according to Tiselius et al, 1956) in 0.12 M 
phosphate buffer. 	67.5% of the DNA passed through the 
HAP column at Cot 20, therefore this proportion of the 
genome is unique, a figure that agrees with the previously 
published results of Laird (1971) and Manning et al (1974). 
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4. 	Comparison of the Thermal Stability of the Unique DNA 
Sequences of D. me Ia noga ste r • D. s imu lans and DNA 
hybrids between the two species. 
The tritiated unique DNA from the cell line was 
reduced in volume by ethanol precipitation. 5.10 counts 
were added to two aliquots of 500 pg. of total adult DNA 
from 1. D. melanogaster and 2. D. simulans. 	This is a 
sufficiently large excess of the adult DNA for this 
reassociation to have pseudo first order kinetics (Melli, 
Whitfield, Rao, Richardson and Bishop, 1971). The adult 
DNA had previously been sonicated as described above, the 
mixture was denatured by heating to 100 °C and reassociated 
to Cot 2.10 (60 0C, 0.12M phosphate buffer). At this Cot 
the majority of the unique sequences should be reassociated 
(Laird 1971) this was the case (see table 1). 	The 
reassociated DNA that bound to HAP was eluted by a 
temperature gradient. The amount of driver DNA in each 
fraction was measured by optical absorption and the amount 
of tritiated unique melanogaster DNA by precipitation in 
cetic 
10% cold trichlora/ acid, collection on a Whatman GF/A 
filter, drying and scintillation counting. 	Each experiment 
was repeated twice. A control for the self reassociation 
of the labelled unique DNA was run in each case. 	This 
was not more than 2 of the counts and was ignored as 
insignificant. 
Each hybridisation gave two melting curves, the 
optical curve and the radioactively labelled curve. 	It is 
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obviously possible to compare these two. 	The optical 
curve also acts as a control between experiments with the 
DNA of the two species because their reassociated DNA was 
shown to have exactly the same T MY 88.5 °C, using native 
cell line DNA as a control. 	(Tm is the temperature at 
which 50% of the DNA is single stranded). 	In fact this 
was not necessary as the optical T  of all the experiments 
reported were within 0.5 °C of each other. 
5. c-DNA 
Cytoplasmic poly-A containing RNA was isolated from 
the same cell line by Miss M. Izquierdo and transcribed by 
her with RNA dependent DNA polymerase. Some of this 
material was reassociated with total adult DNA from 
melanogaster and simulans under - the sameconditi ons as 
above to a Cot of 2.10. 	2,500 counts of c-DNA were 
used in each experiment and each experiment with the two 
species was repeated twice. The extent of reassociation 
was high in both homologous and heterologOus reactions, 
(see table 1), none of the c-DNA reanneals with itself 
(M. Izquierdo pers. comm.). 	These experiments were 
designed to measure the sequence divergence in large number 




The Mechanism of G Banding 
The initial techniques for in situ hybridisation 
(Pardue and Gall, 1970; Jones, 1970) gave chromosomes in 
which the centromeric heterochromatin was often darkly 
stained with Giemsa (Arrighi and Hsu, 1971). 	The darkly 
stained regions were called C bands. 	A modification of 
this procedure gave darkly stained regions along the 
length of the chromosome, G bands (Sumner, Evans and 
Buckland, .1971). 	It was understandable that the G and C 
bands were interpreted as being due to the presence of 
repeated DNA sequences in these regions. 
It soon became apparent, however, that this was not 
an adequate explanation for G bands as they were shown to 
be obtained using procedures that bore no relationship to 
in situ hybridisation or DNA denaturation and reassociation. 
One of the earliest of these was the trypsin treatment of 
Seabright (1972). 	A wide variety of these techniques 
were developed and they, were most commonly interpreted to 
be causing an alteration in the distribution of chromosomal 
protein (Barnett, MacKinnon and Romera-Sierra, 1973; 
Comings et al, 1973; Kato and Moriwaki, 1972; Lee, Welch 
and Lee, 1973; for reviews see Schnedl, 1974; Hsu, 1973; 
Nilsson, 1973). 	Giemsa stain was thought to be revealing 
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some gross difference in protein in the different regions 
of the chromosome. Even where there was evidence to the 
contrary such as G bands being stained with feulgen they 
were still attributed to the distribution of protein (Kato 
and Moriwaki, 1972). 
Methodology of Inducing G Bands 
The methodology of the most common techniques for 
inducing G bands is represented diagramatically in figure 2a. 
The post-fixation treatment is regarded as specifically 
inducing G bands and therefore the basis of G bands was 
inferred from the nature of this treatment. 	There is no 
need for this step however. 	Figures 3 and 4 show Gietusa 
stained chromosomes which show G bands without any specific 
inducing step. 	These G bands can be seen to be similar to 
those obtained with inducing treatment. Figure 4b shows 
the three largest chromosomes in the human karyotype. The 
G bands on these chromosomes are sufficiently similar to 
the G bands obtained with inducing treatment (Paris Conference 
1971) for them to be identified. These observations have 
very important consequences for interpretations of G bands 
based on the nature of the presumed inducing treatments, as 
the inducing treatments are not necessary. 	The post- 
fixation treatments often make the chromosomes easier to 
identify but this appears to act by revealing the bands 
rather than by induction. 	In the light of these results 
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A diagram showing the sequence of events that are generally 
thought to be necessary for banded chromosomes ( a ). 
The second scheme shows the maximum number of steps 




Differential staining of mouse L cell chromosomes 
without any specific inducing step. 
A pro-metaphase chromosome spread showing an 
extremely complex staining pattern on even the 
smallest chromosome. 
A metaphase arrested in mitosis by the drug 
Colchicine. In this case the chromosomes are 
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Figure 4. 
A part of a chromosome spread from human peripheral 
lymphocyte culture. 	The fixed chromosomes have 
only been stained with giemsa, without any specific 
inducing step. 	The stained chromosomes clearly 
show differential staining. 
b). 	The three largest chromosomes of the human 
karyotype, cut from a). and showing the G bands. 


















effect of post-fixation techniques. 
Phase Bands 
The case above for the specific inducing step being 
unnecessary in G banding procedures would not hold if the 
staining solution were, itself, inducing G bands. 	Indeed 
Kato and Moriwaki (1972) used S$renson's buffer, pH 6.8, 
to induce G bands. 	Giemsa dye is diluted in this same 
buffer for all staining procedures. A further observation 
rules out this possibility. Bands can be seen by phase 
contrast microscopy of the fixed chromosome without any 
inducing treatment or staining, figures 5 and 6. 	The 
occurrence of phase bands is 'riot a rare event; over 50 
of mouse L cell chromosome spreads show two or more 
chromosomes with phase bands. Yunis and Sanchez (973) 
have independently reported the observation of phase bands 
in Chinese Hamster chromosomes. 	These results confirm 
that both the presumed inducing treatment and the Giemsa 
staining of chromosomes are not necessary prerequisites of 
G banded chromosomes. 	Figure Sc shows that there is 
considerable correspondence between phase and G bands. 
It is of course possible to argue that the methods of 
preparing fixed chromosomes are inducing G bands but 
this is a separate question from the role of post-fixation 
treatments,- which, on this evidence, appears to reveal 
rather than induce G bands. 
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Figure 5. 
The relationship between phase bands and G bands. 
A phase contrast micrograph of mouse L cell 
Chromosomes clearly showing a differential 
distribution of material. 
The same spread after staining with giemsa dye 
without any specific inducing step. The G bands 
can be clearly seen. 
A comparison of the phase contrast (Left) and 
giemsa stained (Right) patterns on the same 
chromosome clearly shows the general correspondence 
between the two patterns. An exception to this 
rule is arrowed. 
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HeLa chromosomes showing clear phase bands (a.) 















I have already reported that Kato and Moriwaki (1972) 
obtained C bands after Feulgen staining of Chinese Hamster 
chromosomes. Feulgen stain is specific for DNA (Pollister 
et al, 1969). 	Unaccountably Kato and Moriwaki did not 
interpret their results as showing differential distribution 
of DNA to be the basis of G bands. Since Kato and Moriwaki's 
work other authors have reported observing G bands after 
Feulgen staining (Rodman and Tahiliani, 1973; Yunis and 
Sanchez, 1973). 	At least one report specifically states 
that the authors were unable to obtain Feulgen bands 
(Comings et al, 1973). 	In order to be fully confident 
of Feulgen bands it is necessary to account for this 
discrepancy. 	In mouse L cells, chromosome spreads showing 
G bands after staining with Giemsa were marked, the slides 
were destained in 45% acetic acid (1 minute, 22 °C) and 
Feulgen stained. 	Not all the spreads that showed G bands 
subsequently gave Feulgen bands. This suggests that the 
banding pattern has been destroyed, in these cases, by the 
Feulgen procedures which involve prolonged treatment with 
1 N HCI at 60 °C. 	This hypothesis is confirmed by the fact 
that when the same slides were stained once more with Gieinsa, 
over the relatively faint Feulgen stain, only those 
chromosomes that showed Feulgen bands still showed G bands 
although originally all exhibited G bands. 
The presence of bands after Feulgen staining strongly 
suggests that the banding pattern is due to a differential 
distribution of DNA. 
Ultraviolet Bands 
The Feulgen procedure still requires post-fixation 
biochemical treatment of the chromosomes and it could be 
maintained that it is this treatment that is inducing the 
bands. 	The observation of phase bands allows a different 
approach to the distribution of DNA in the chromosome which 
avoids the requirement for any post-fixation treatment. 
Ultraviolet light is absorbed maximally by DNA at the 
wavelength 260 nm.. 	Therefore chromosomes were spread 
on quartz slides, which are transparent in the ultraviolet 
unlike glass, and observed in the ultraviolet. Bands were 
seen which correspond with phase bands, figure 7. 	The 
obvious interpretation of these results is that G bands are 
due to a differential distribution of chromatin in the 
metaphase chromosome. 	An unlikely alternative explanation 
of these results is possible because proteins do absorb 
ultraviolet light slightly at 260 nm.. Thus an extremely 
high local concentration of protein in G bands would be 
seen at 260 nm.. If this were the case there would be a 
great increase in contrast between band and interband at 
wavelengths at which proteins absorb maximally, 	280 and 
e 240 nm. /ThebJ'e is no can De 
çQntrast att 240 r1m.. 
con 	uiien in in erpre 	ing C 
bands as being due to a differential distribution of chromatin 
along the metaphase chromosome. 
Figure 7. 
A comparison of the distribution of phase bands (Left) 
and the distribution of DNA by ultraviolet microscopy 
(Right) in the same chromosome indicates that these 
patterns are very similar. 	The ultraviolet micrograph 
was obtained as described in the Materials and Methods 
section. 
Figure 8. 
The surface topographyOf fixed metaphase chromosomes 
was obtained by shadowing the chromosomes with gold/ 
palladium at an angle of 45 ° (b.). 	The differential 
distribution of material in phase contrast (a.) is 
simply related to the three-dimensional structure of 
the chromosome. 	These figures also show that many 
more phase bands can be seen in the bright field 
shadowed preparation than in the phase contrast micrograph. 
This presumably is due to the limitations of phase 	- 
contrast optics and suggests that the occurrence of 
differential condensation of chromosomes is more 
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Methods of Preparing Chromosomes 
The results reported here show that the G bands can 
be observed by either phase contrast or ultraviolet 
microscopy without any post-fixation treatment or staining. 
While these results show that G bands are not necessarily 
induced by post-fixation treatments they raise the question 
of whether or not the bands are induced by the methods of 
preparing fixed chromosomes. 	Hypotonic treatment and 
fixation are both known to affect chromosome morphology 
(Ohnuki, 1968) and composition (Dick and Johns, 1968). 
But if hypotonic treatment does induce banding its effect 
can not be dependent on the composition of the hypotonic 
medium itself as phase bands were seen after swelling the 
cells in different types and concentrations of hypotonic 
solution. 	Fixation in ethanol-acetic acid does not have 
an essential role as chromosomes stabilised in uranyl acetate 
(Moses, cited by Solari, 1972), rather than fixed, still 
showed phase bands. Golomb and Bahr (1974 a) have also 
observed phase bands without fixation in ethanol-acetic 
acid. While the possibility that the swelling and fixation 
contribute to the appearance of bands can not be ruled out, 
these results are most easily explained if the bands are 
present in vivo and not induced by the preparative treatment. 
Further evidence for this view is the correspondence between 
G bands and the meiotic chromomeric pattern. The meiotic 
chromomeres are known to occur in vivo. 	This point is 
discussed further below. 
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Irrespective of whether the methods of preparing 
fixed chromosomes induce bands, the results presented 
above show that the bands correspond to the distribution 
of chromatin. This conclusion implies at least a semi-
quantitative relationship between the stain and chromatin. 
Most other workers in the field attribute the C bands to 
either DNA reassociation or, more recently, to distribution 
of protein. 	These results can not be explained by DNA 
reassociation. Proteins are very probably involved in the 
way chromosomes condense but it is fair to say that we have 
factors 
little knowledge of what/govern chromosome condensation. 
As the ultraviolet microscopy shows, it is certainly true 
that there are no large local concentrations of protein. 
In addition these results suggest that future effort in 
this field should be di'rected at the problem of chromosome 
condensation in viYo rather than the specific effects of 
post-fixation treatment as these may not induce G bands. 
52 
Quantitative MiCrOSCOPY 
The assessment of the exact relationship between 
the stain and chromatin requires quantitative microscopy. 
One of the difficulties in approaching this problem is to 
decide just what quantitative parameters describe G bands. 
The patterns is clearly three dimensional, figure 8, 
(see also Gormley and Ross, 1972), however quantitative 
treatments normally regard the chromosome as two dimensional 
(see Chromosomes Today, 1974). 	One of these axes is often 
in fixed units, thus the chromosome is in fact treated in 
a pseudo-one dimensional manner. 	This can lead to a 
great loss of information. This loss of information would 
not be serious if the treatment was known to give an 
adequate representation of G banded chromosomes. Figure 9 
shows the same endoreduplicated chromosome at high contrast 
and at maximum resolution and illustrates the difficulty 
in designing a quantitative representation of this object. 
Details of the method used are given in the figure legend. 
The two chromatids within one chromosome are not identical 
and the eye integrates them in some complex way to give 
the G bands. A simple scanning device may give peaks and 
troughs but these need not necessarily correspond to the 
bands, even though the bands are present. 	It is easy to 
see, for instance, that those bands which are slightly 
displaced in sister chromatids would be damped out in a 
simple quantitative representation. 
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Figure 9. 
An endoredUpliCated chromosome complement of mouse L cells 
allowed a careful analysis of the banding pattern, as 
identical chromosomes are arranged side by side. In figure 
(b.) ( x 63 objective, stopped down condenser diaphragm 
and high contrast printing) the similarity between the 
homologous chromosomes can be seen. Some of these 
chromosomes are shown in higher magnification and greater 
resolution in figure (a.) ( x 100 objective). 	It can be 
seen that the two chromosomes are not identical. This is 
particularly clear in figure (d.), the same chromosome in 
high contrast optics, (c.) is reduced to a series of simple 
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The Mechanism of Ciemsa Staining 
Qualitative observations on Giemsa stained 
chromosomes indicate that there is only a partial 
stoichiometrY betveefl the stain and the chromatin. 	It is 
possible to overstain the chromosome which suggests that 
some component of the dye is not binding stoichiOmetricallY. 
The two components of Giemsa are azure 2 and eosin (Gurr, 1965). 
The azure component when used alone gives a blue colour and 
faintly stained bands which cannot be overstained. This 
suggests that it is the eosinate that simply plates on 	the 
chromosomes ultimately overstaifling them. 	The term plating 
is used to denote a dye which forms a specific but non- 
stoichiometric relationship. 	It is the eosin that gives 
the magenta colour that is readily observed. This is not 
surprising considering that the eosin has one end negatively 
charged and the other positively charged which would allow 
a continuous chain to be built held together by ionic bonds. 
These two colours, blue and magenta, can also be separated 
when the slides are destained in dimethyl sulphoxide. The 
magenta stain was lost in less than ten minutes leaving 
the blue azure stained G bands which were resistant to two 
hours incubation in DMSO. 	It appears then that the two. 
components bind sequentially to chromatin, first the azure 
and then the eosin to the azure DNA complex. 	Azure is a 
polyvalent cationic molecule and might be expected to bind 
strongly to the negatively charged phosphates in DNA. 
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Sumner and Evans (973) developed a model system or 
analysing the mechanism of Ciemsa staining. They snow that 
giemsa binds to DNA and not non-histone protein, most histones 
have, in their view, been extractec by methanol-acetic acid 
fixation (Sumner et al, 1973). 	The amount of dye bound is 
not a.fected by whether the DNA is native or denatured. 
Their detailed mechanism conflicts with that proposed here. 
For instance they stress the importance of both methylene 
blue and eosin in staining, methylene blue is very similar 
to azure 2. 	This contrasts with the staining with azure 2 
alone reported above. 	However it is the DNA and not proteins 
that forms the basis of their mechanism, in agreement with 
my results. 	As the amount of dye bound is not affected 
by denaturation of the DNA this suggests that the giemsa 
is binding to the phosphate groups as these groups are as 
accessible in both-states. 	However the fact that bands 
can be seen by phase contrast and ultraviolet microscopy 
without giemsa staining removes the necessity to explain 
the dye's action. 
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The Rule of Cations in Chromosome Structure 
The importance of cations in chromosomes is emphasised 
by a series of experiments reported below. 	Gormley and 
Ross (1972) observed a particular chromosome morphology 
which they called collapsed and regarded as being a specific 
intermediate in the formation of G bonds. Fortuitously this 
same structure was observed in mouse L cell chromosomes after 
mounting in distilled water or incubating in 0.01 M EDTA, 
figure 10. 	EDTA is a chelating agent and it was reasonable 
to suppose that the collapsed structure was caused by the 
chelation of divalent cations. This supposition was 
supported by the observation that the chromosomes did not 
collapse after incubation in 0.1 M solutions of either 
calcium or magnesium chloride, figure 11. 	Furthermore, 
the collapsed chromosomes were returned to their original 
morphology by incubation in divalent cations (figure 11). 
This is extremely strong evidence for the involvement of 
cations in the maintenance of chromosome structure. This 
has been suggested previously by Solari (1968) who noted 
that the ionic environment altered the ultrastructure of 
chromatin fibrils and by Lezzi (1970) who has shown that 
polytene chromosomes puff in response to the ionic balance 
of the medium. 	Cantor and Hearst (1970) have shown that 
the metaphase configuration of chromosomes is not stable 
under alkaline conditions in the absence of divalent 
Cations. They show further that when magnesium ions are 
bound to water washed chromosomes 20 H +ions are released 
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for every magnesium ion bound suggesting that a highly 
cooperative change is occurring. There is no doubt then 
that divalent cations are involved in chromosome structure. 
A further observation on collapsed chromosomes shows that the 
collapse is not the direct result of the EDTA treatment. If 
the chromosomes are not air dried after EDTA treatment 
but critical point dried then there is no collapse, 
figure 12. 	The only way to explain this is to suppose that 
the removal of divalent cations makes the chromosomes 
susceptible to surface tension forces generated on air 
drying and it is these forces, not the removal of divalent 
cations that actually causes the collapse. 	The collapsed 
morphology is therefore not a specific intermediate in the 
formation of G bands as Gormley and Ross (1972) suggest, 
but the result of incubation in 2xSSC (0.15 M NaC1, 
0.015 M Na Citrate). Sodium citrate is a chelating agent 
and might be expected to lead to collapse on air drying. 
The action of the treatment that Gormley and Ross (1972) used 
to induce G bands can be understood by the fact that 
incubation in SSC removes the divalent cations which may 
then be replaced by the polyvalent cation, azure 2. 	Indeed 
all of the treatments which are thought to induce G bands 
will remove divalent cations and this may well be an 
important part of their action. 
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Figure 10. 
Phase contrast micrograph of mouse L cell chromosomes 
after treatment with distilled water (22 °C, 20 mins.) 
and air drying. The chromosomes are collapsed. 
L cell chromosomes were collapsed by treatment with 
EDTA (0.1 M, 20 mins, 22 0C) and air drying. The 
chromosomes were then shadowed with gold/palladium 
at an angle of 45 ° and photographed in bright field 
( x 100 objective). 	The collapsed morphology can 
be seen to be due to three ridges of material 
parallel to the axis of the chromosome. 
Figure 11. 
The reversible effect of divalent ions on chromosome 
structure. 
After incubation in 0.01 M CaCl 2 (15 inins., 22 0C) 
and air drying the chromosomes are not collapsed. 
Subsequent treatment with EDTA gives the collapsed 
morphology after air drying. 
C.) 	This collapse is lost after incubation in divalent 
cations (0.01 M CaCl 2 , 	22° , 1 hour). 
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If after treatment with EDTA (0.1 M, 22 °C, 20 minutes) 
the chromosomes are critical point dried rather than 
air dried they do not collapse, 
Figures (a.) and (c.) are phase contrast micrographs of 
the fixed chromosome. 
Figures (b.) and (d.) are the same spreads after EDTA 
treatment and critical point drying. 
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Summary 
In this first part of the chapter I have presented 
strong evidence that G bands are the result of differential 
distribution of chromatin and not the reassociatiOn of DNA 
or the localised distribution of proteins. 
In addition I have suggested a tentative mechanism 
of Giemsa staining in 
stoichiOmetriC relati 
onto this complex. 
this model is derived 
absence of cations of 
which the azure 2 forms a partially 
n with the DNA and the eosin plates 
Circumstantial evidence supporting 
of chromosomes 
from the response/torthe presence and 
mammalian metaphase chromosomes. 
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The Mechanism of C Bandi 
Unlike G bands there is only one basic way of 
obtaining C bands, this is the in situ hybridisation 
procedure (Arrighi and Hsu, 1971; Sumner, 1972). 	The 
obvious interpretation of this differential staining was 
a differential reassociatiOfl of DNA in situ, although there 
was no simple ay of measuring this directly. 	In this 
thesis I report a new way of obtaining C bands which rules 
out differential DNA reassOciatiOrl as the mechanism of C 
banding. 
Fixed chromosomes were treated with 8 M urea 
dissolved in SØrenson's buffer, pH 7.2 and subsequently 
stained with giemsa. 	When the urea treatment is short 
G bands are obtained but as the urea treatment is extended 
these gradually give way to C bands, figures 13 and 14. 
These events cannot be explained by DNA reassociation as 
8 M urea does not denature DNA (Britten, Pavich and Smith, 
1969). 
These observations are more easily explained by a 
differential destruction of chromosome morphology, the arms 
being more susceptible than the pen-centric heterochromatifl. 
There is evidence that DNA is specifically lost from the 
chromosome arms during the in situ hybridisation procedure 
(Comings et al, 1973; Pathak and Arrighi, 1973). 
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Figure 1. 
After treatment with 8 M urea dissolved in SØrensons buffer 
(pH 7.2, 15 minutes, 22 0C) the chromosomes were stained 
with giems. The C bands are clearly present in these 
mouse L cell chromosomes. 
b.) 	Higher magnification of mouse L cell chromosomes 
shows the disruption of the chromosome arms. A 
marker chromosome carried in L cells has six 
secondary constrictions. 	These can be clearly 
distinguished from the centromere which has a 
double structure farrowed). 
Figure 14. 
Diploid mouse cells also give C bands after treatment with 
8 M urea. The sensitivity of the cells vary hciwever as these 
diploid bone marrow cells were treated for a shorter time, 
2 minutes. 
Figure (a.) is a phase contrast micrograph of the fixed 
chromosomes; although haterochromatic regions can be seen 
they do not always correspond to the C bands. 
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The evidence available at present does not rule out 
another possibility that there may be an actual shift of 
chromatin from the arms into the heterochromatic regions. 
It is known that the centromere contains less DNA than 
other regions of the chromosome (Lima de Faria, 1956). 
In mouse L cells pulsed in late S phase with BUDR the 
centromeres are very extended (Stewart, 1973). 	Figure 15 
shows chromosomes prepared by Stevart's procedure. 	After 
C banding by the 8 M urea technique the centromei'e appears 
a little more stained than one might expect from the lack 
of material in phase contrast microscopy but the heterochro-
matin is still pericentric. 	After the more usual and 
rigorous C band procedures it is the extended centromere 
itself that is darkly stained, figures 15 and 16. 	As 
there seems to be a rough relationship between the amount 
of DNA and the amount of stain thereisfl argument for 
DNA actually moving into the centromeric region from the 
adjacent arms. 	The evidence for this assertion is not 
strong but the importance of the in situ hybridisation 
procedure in localising pieces of chromatin make this type 
of criticism worth discussion. 	Again quantitative 
cytochemistry should solve this question as what is 
required is an absolute measure of the amount of DNA in 
the centromere. 
It appears then that both G and C bands are caused 
by the differential distribution of chromatin and not 
the distribution of repeated DNA. 
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gure15. 
Mouse L cell chromosomes showing the extended ceitromres 
obtained after treatment with BUDR (400 ug/mi, in the 
last quarter of S phase). Column (a.) shows these 
chromosomes in phase contrast. 	The chromosomes were then 
treated with 8 M urea dissolved in SrensOnS buffer, 
pH 7.2 for 1 hour (b.); 	3 hours (c.) and stained with 
giemsa. 	There is a gradual shift in the staining pattern 
from G to C bands. 	The C bands are all that remain after 
the chromosomes were treated by Sumners C banding technique 
(1972) column (d.). 	There is a very clear change in the 
pattern with the extended centromeres now staining more 
intensely than the chromosome arms. 
Figure 16. 
BUDR treated mouse L cell chromosomes. 
phase contrast. 
after 1 hour 8 M urea treatment 
after C banding (Sumner, 1972) 
Again there is a shift from G to C bands. The extended 
centromereS can be clearly seen in the telocentric chromosomes 
in 2, it is this region that stains intensely after treatment. 
This shift of stain into the extended regions of chromosomes 
is clear in the marker chromosome (4). 
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Results - 2 
DNA ORGANISATION 
The Comparison of the Unique DNA sequences in 
Drosophila melanogaster and D. simulans. 
Many hypotheses of DNA function postulate a rather 
vague chromosomal role (see Bostock, 1971). 	The 
experiments reported below were designed to ask whether 
very similar patterns of chromosome condensation require 
the same sequence in the DNA. 	The polytene chromosomes 
of D. melanogaster and D. simulans are almost identical. 
The two species give infertile hybrids and in these the 
polytene chromosomes are well paired except for a few 
rearrangements (Horton, 1939). 	ThiThiimbéiofrearrange- 
ments is found within single species of Drosophila (Mayr, 
1963). 	The chromosomes of these two species appear to be 
very similar both morphologically and by the constraints 
of forming polytene chromosomes. This poses the question 
of the extent of sequence conservation in the DNA required 
in order to maintain chromosome morphology. 	It is known 
that the repeated DNA of these species does differ 
(Robertson, Chipchase and Nguyen, 1969). 	The majority 
of the repeated DNA cannot be involved in the complex 
banding pattern along the chromosome arms, however, because 
it is localised in the chromocentre (Rae, 1970; Hennig, 
Hennig and Stein, 1970; Hennig, 1972; Jones and Robertson 
M. 
97O). 	A cp,nrisoil of the Unique sequence DNA of the 
to spe 's is required to deterjiine whether there is a 
ctrornosomal constraint on DNA sequence. 
The extent of base substitution bet%een two DNA 
sequences can be estimated by measri.ng the thermal 
stability of hybrid duplexes between the two sequences 
(Laird, McConnaughy and McCarthy, 1969). 	In figure 17 
the thermal stability of D. melanogaster single copy DNA 
is compared with the stability of the hybrid between the 
unique DNA of melanogaster and simulans. The difference 
in the temperature at which 50% of the samples are single 
stranded, Tm is taken as a characteristic for a particular 
DNA fraction. In this case theTm is 2.5 0C (This agrees 
with the unpublished results of Dickson and Laird cited 
by Laird 1974). 	This result shows that there are 
sequence differences between the unique DNA sequences of 
these to species. 	Chromosome morphology can therefore 
be conserved without a general conservation of unique DNA 
sequences. 
This result can be explained in a number of ways. 
It may be that chromosome morphology like amino acid 
sequence tolerates a redundancy in nucleic acid sequence. 
It is also possible that only a small part of the single 
copy DNA specifies the morphology of the chromosome and the 
major part of the unique DNA has some other role. 	The 
function of unique DNA is normally discussed in terms of 
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genes rathe than possible 'housekeeping' functions 
(%Va1r et al, 1969). 	There is a growing body of evidence 
which suggests that there is more DNA than is required to 
code for genes. 	This evidence has recently been reviewed 
(Bishop, 1974; Lewin, 1974) but the simple case is that 
there is unly one complementation group for each cytological 
band in the polytene chromosome of Drosophila for both the 
X chromosome (Judd et al, 1972) and chromosome number 4 
(t-Iochmann, 1973). 	There are approximately 5,000 bands in 
the Drosophila genome (Bridges, 1935), therefore there are 
5,000 complemenation groups. If each complementation group 
is a single structural gene then there must be approximately 
5.106 base pairs of DNA in structural genes. This is only 
10 - 20% of the thirty million base pairs that make up the 
haploid genome of Drosophila. 	Therefore even though these 
two sibling species of Drosophila share over 50% of their 
alleles as estimated by protein electrophoresis (Nei, 1971) 
only some minor portion of the total DNA may be coding for 
genes. 	It seems then that there may be a number of classes 
of single copy DNA, one class that comprises the genes 
and control sequences, another that performs chromosomal 
'housekeeping' tasks and possibly a third class that has 
no sequence specific function. 
The evidence for this third class of unique DNA is 
circumstantial at present but it was predicted by Southern 
(1971) as a result of the reduction in reassociation rate 
of simple sequence DNA as it accumulates mutations. It has 
been shown that some fractions of simple sequence DNA 
may evolve by random base substitution (Southern, 974; 
Cooke, 1974). If this is generally true of simple sequence 
DNA then one would expect a class of unique DNA derived 
from simple sequence DNA also to be evolving randomly. 
This would predict that the rate of evolution in these two 
types of DNA would be the same. 	The rate of accumulation 
of base substitution in the repeated DNA of these two 
species gives aA Tm of 3.0 °C (Robertson et al, 1969; 
Dickson and Laird cited by Laird, 1974). 	This is almost 
identical to the &Tm for the single copy DNA which is 
consistent with the hypothesis that a major part of single 




• Adult Drosophila melanogaster total DNA 
reassociated to Cot 2.1O, monitored by 
optical absorbance. 
Single copy Drosophila melanogaster DNA 
labelled with tritiated thymidine. 
• Adult D. simulans DNA reassociated to Cot 2.10. 
• Single copy D. melanogaster DNA labelled with 
tritiated thymidine. 
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Description of DNA Extent of Reaction Tm 
(/) 
Driver 	Trace Driver Trace 
D.melano8aster 	D.mel. 	cell 92 98 0.0 
adult 	 line unique 
D.simulans 84 94 2.5 
adult 
p.melanogaster 	D 0 mel. cell 	86 	93 	 0.0 
adult 	 line c DNA 
D. simulans 	
it 	 85 	86 	 15 
adult 
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evolution of Transcribed DNA sequences in 
Drosophila melanogaster and D. simulans. 
The possibility that a major part of the unique DNA 
is diverging randomly suggests that these sequences do not 
code for proteins. 	The hypothesis that some fraction of 
the genome does not have a sequence specific function can 
also be investigated by measuring the rates of base 
substitution in different portions of the genome. 	Any 
class of DNA which has a sequence specific function would 
be expected to evolve more slowly than those portions which 
have no sequence specific function. 	This can be tested 
by comparing the divergence of total single copy DNA with 
the divergence between-message RNAs. 
Many message RNA sequences contain a stretch of 
poly-r (A) at the 3' terminal. 	This property was used 
to bind cytoplasmic poly-A containing RNAs to a column of 
oligo-dT cellulose. 	The RNA was purified from the D. 
melanogaster cell line Schnieder no. 3. 	The purified 
message sequences were then transcribed into DNA using 
RNA dependant DNA polymerase (c DNA; the c DNA was a gift-
from Miss M. Izquierdo, Dept. Genetics, University of 
Edinburgh). 
The results shown in figure 18 and table 1, indicate 
that the c DNA is indeed more conserved than the total 
4. 	- 
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Unique DA in Drosophila, as the &Tm is only 1.5 °C. 
Similar results have previously been obtained for c DNA 
transcripts of single m RNA sequences (Gummerson and 
Williamson, 1974; Leder et al, 1973). 	The mixture of 
m RNAs used here have been shown by excess hybridisation 
against trace quantities of c DNA to contain about 3,000 
different sequences (M. Izquierdo, pers. comm.). 	The 
Conservation of transcribed sequences previously shown for 
globin sequences is therefore true of all transcribed 
sequences. 
As only 300 nucleotides from the 3' prime terminal 
are transcribed into c DNA it may be that the remaining 
1,700 nucleotides of the m RNA evolve quite differently 
(Lengths of c DNA and m RNA are the results of sucrose 
gradient sedimentation, M. Izquierdo pers. comm.). 	It is 
not possible therefore to say whether the c DNA contains 
any of the sequence which codes for protein as this need 
only be 1,000 nucleotides long. 	This qualification means 
that the strongest conclusion of this data is that a class 
of DNA exists which is transcribed, represented in the 
cytoplasm and is more conserved than the major part of 
unique DNA. 	The implication of these results is that the 
major part of unique DNA has no sequence specific function, 
it clearly has a less conserved sequence than the transcribed 




a . ) 	• Adult Drosophila melanogaster DNA reassociated 
to a Cot 2.10 
c DNA labelled with tritiated thymidine reassociated 
to an excess of total melanogaster DNA. 
b.) 	• Adult D. simulans DNA reassociated to a Cot 2.10 
D melanogaster c DNA reassociated to an excess of 
total simulans DNA. 
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Discussion 
There are four main points that emerge from the 
evidence presented here, 
G bands appear to be due to differential 
chromatin condensation. 
C bands are probably the result of a differential 
destruction of chromatin morphology but are 
certainly not due to differential DNA reassociation. 
The constraints of a particular chromosome 
morphology do not require a particular DNA 
sequence of the majority of the unique DNA. 
The sequence of at least part of the m RNA is 
more conserved than the total unique sequences 
suggesting that most of the unique DNA evolves 
under different selective pressure and may 
indeed be evolving randomly. 
In this section I will concentrate on the general 
significance of these results with respect to four questions. 
The first of these is the descriptive problem of the extent 
and variation in chromosome condensation. 	The second 
question I will discuss is the nature of cellular control 
of chromosome condensation. Naturally this merges with the 
problem of the molecular basis of chromosome morphology and 
this forms the third part of this section. Finally I will 




It has long been known that the chromosomes in the 
prophase of a first meiotic division exhibit a stable 
pattern of intensely staining regions connected by 
extended lightly staining regions (Swanston, 1958). 
These bodies, chromomereS, are known to be due to a 
differential distribution of chromatin (Lima de Faria, 1956; 
Lima de Faria et al, 1973). 	This raises the question of 
the relationship between meiotic chr'omomeres and mitotic G 
bands as they both appear to be due to differential 
chromosome condensation. 	The G bands are unchanged in 
different tissues and in different stages of development, 
(Burkholder and Comings, 1972). 	Furthermore, the G 
banding pattern is not affected by the facultative condens-
ation of an X chromosome, at_mostthe_-bands-apPear a little 
closer together (Takagi and Oshimura, 1973). 	The G bands 
appear to be like the meiotic chromeric pattern in being 
extremely stable. 	Direct comparison of the two patterns 
of condensation leads Hurigerf'ord et al (1972) and 
Ferguson-Smith and Page (1973) to conclude that the patterns 
of condensation are very similar. 	It is not possible to be 
completely firm on this point as the condensation does not 
occur in discrete stages in either type of cell division, 
but rather in a continuous series with no differentiated 
structure at either extreme. 	It appears, however, that 
chromosomes always condense in the same manner. 
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Should this be true then it is an extremely important 
finding for the linear differentiation or structure is an 
important part of many theories of genetic function in 
higher organisms. 	The polytene banding pattern in 
Diptera (Beerman, 1966) and the pattern of loops in 
amphibian oocytes (Callan, 1963) are the most well known 
examples, but there are others for instance in the Protozoa 
(Prescott, Murti and Boxtock, 1973). 	There is evidence 
that a single band in a dipteran polytene chromosome is a 
single unit of genetic function (Judd, Shen and Kaufmann, 
1972) and of transcription (Lambert, 1973). 	The recent 
discovery of techniques for preparing pure fractions of 
single copy DNA (Cohen and Chang, 1973; Cohen et al, 1973; 
Murray and Murray, 1974) should allow a detailed molecular 
analysis of these cytological structures. 
The Evolution of the Banding Pattern 
The evolutionary stability of chromosome structure 
is indicated by the great homology between the banding 
pattern of man and chimpanzee (2n = 48; Yeager, Painter 
and Yerkes, 1940). 	One report correlates two-thirds of 
the chimpanzee chromosomes with human chromosomes on the - 
basis of C bands (Lin et al, 1973). 	Bobrow and Madan 
(1973) using Gil, trypsin, Q and C bands argue that only 
3 chimpanzee chromosomes do not have a human homologue. 
One major difference between the karyotypes of man and 
chimpanzee is the absence of a brightly fluorescent q segment 
in the chimpanzee. 	On the other hand the gorilla has a 
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brightly fluorescent Y (Pearson, 1973). 	In situ hybridisation 
of satellite and ribosomal DNA also shows the stability 
of the karyotype in these species (Jones et al, 1972; 
Henderson et al, 1974). 
Q Bands 
The hypothesis that G bands are based on differential 
chromosome condensation can be extended to account for 
other methods of differential staining. 	The initial 
reports of differential staining with quinacrifle mustard 
attributed this to the specificity of the mustard group 
for the base guanine, indeed this prompted the synthesis 
of this substituted compound (Caspersson et al, 1968). 
It was shown later that quanacrine hydrochloride, which 
lacked the mustard group, gave -the same -banding pattern, 
(Evans et al, 1971). Further biochemical and cytological 
work suggested that quinacrine reveals regions rich in the 
bases adenine and thymine (Ellison and Barr, 1972; Weisbium, 
1973). 	While this hypothesis does not necessarily conflict 
with an explanation based on the differential distribution 
of chromatin, there are strong reasons for criticising the 
base composition theories. 
These theories require a chromosome in which regions 
of DNA high in A and T are segregated from those regions 
high in G and C. 	Until now the largest number of density 
classes found in a higher organism DNA is at least one order 
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of magnitude too low to account for the Q bands (Filipski 
et al, 973). stronger evidence against this theory comes 
from a situation where the chromosomal location of a 
particular low density fraction is Known and this area does 
not fluoresce brightly with quinacrine (Bostock and Christie, 
1974). 	Recently Golomb and Bahr (1974a) have revealed 
regular chromomeric structures in mitotic chromosomes by 
scanning electron microscopy. 	It should be noted that 
these structures were obtained in the absence of fixation 
in methanol-acetic acid, special treatment or staining, 
these structures appear to correspond to what I have called 
phase bands. Golomb and Bahr (1974 b) go on to show that 
these chromomeric structures correspond to the distribution 
of fluorescence after staining in quinacrine. 	This is 
direct evidence for quinacrine acting simply by staining where 
there is more chromatin. 	This conclusion is also obtained 
by an indirect route. G bands have been shown to correspond 
to phase and ultraviolet bands, but Evans et al (1971) have 
shown that G bands are complementary to Q bands. In a 
number of cases then phase, Q G and ultraviolet bands 
appear to be revealing the same differential condensation of 
chromatin. 
R and T bands 
R and T bands (see figure 1) are not so commonly 
used to distinguish between chromosomes as G, Q and C 
bands but, like C bands, they appear to be the result of 
a differential modification of chromosome structure. 
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Both techniques stain with giernsa which suggests that 
the darkly staining regions contain more chromatin than 
those less intensely stained. This argument is strongly 
supported by the work of Dutrillaux and Covic (1974) who 
showed that by altering such simple parameters as salt 
concentration, temperature and pH of post-fixation treatment 
it is possible to obtain G, R, T and C bands sequentially. 
This suggests that there is no qualitative difference 
between these different staining patterns. 	Dutrillaux 
and Covic (1974) conclude that there is a progressive 
destruction of chromosome structure that gives rise to the 
bands in this sequence. 	This evidence correlates very 
well with the cause of C banding suggested here. 
It appears that there is a single basic mechanism 
of chromosome condensation used in all cell types. The 
differential sequence of condensation is revealed by meiotic 
chromomeres, G bands and Q bands. 	This differential 
condensation can also be obtained under certain conditions 
following chromosome fixation. 	Some treatments destroy 
the ability of the chromatin to pack and this is also a 
specific process as particular regions retain their morphology 
after others have been destroyed. 	This is not a chemical 
explanation of the banding patterns, however, if this 
hypothesis is correct then a chemical explanation of the 
bands has to explain the mechanisms of chromosome condensation 
not the exact nature of the dye's interaction with chromatin. 
Cellular Control of Chromosome Condensation 
The functional importance of chromosome condensation 
is clear in situations such as X inactivation (Lyon, 1961 
and 1971; Ohno, 1973) or the response of interphase 
chromosome structure to hormone treatment (Schnieder, 
Heukamp and Pera, 1973). The mechanisms of chromosome 
condensation are not understood but some insight is gained 
from the techniques of cell fusion. Mitotic cells induce 
chromosome condensation in cell hybrids with interphase 
cells. These chromosomes are complete when Cl 	and G2 
cells are used but 	'pulverised' when S phase cells are 
fused with mitotic cells. 	Gland G2 cells give chromosomes 
with normal G bands (Johnson et al, 1970; Johnson and Rao, 
1971; Stenman and Sakseia, 1971; Unakul et al, 1973) 
These results suggest that there _Ls_som.e_trigger in a 
metaphase cell which promotes condensation of the chromosome. 
If the cells are from different species the species specific 
G banding pattern is obtained showing that the trigger is 
conserved in evolution and that it does not determine 
the pattern of condensation. 	It must only initiate the 
condensation process. The condensation of chromosomes in 
GI shows that there is no need for DNA replication to have 
occurred in order to obtain condensation. 	The facto rs 
governing the pattern of condensation must reside within 
each chromosome. Further, as translocated regions maintain 
their pattern of condensation (seabright, 1972 and 1973) 
in their new situation so the factors governing the pattern 
must be distributed along the chromosome. 
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There is another situation in which one might 
postulate specific regions distributed along the chromosome 
and that is in meiotic pairing. It should be pointed out 
however that these are quite different problems. In mitotic 
condensation the chromatid is interacting with itself in a 
cis manner and there is a series of states from diffuse to 
fully compact. Im meiotic pairing the chromatids interact 
with other chromatids in a trans configuration and there is 
apparently a binary situation, they either pair or not. 
On this basis one might expect mitotic condensation to 
occur in response to a continuously varying parameter rather 
than a specific signal for each stage in the process. 
There are factors which interfere with chromosome condensation 
but the precise mechanism that they employ is unknown 
(Shiraishi, 1970; Woodard and Swift, 1964; Zakharov and 
Egolina, 1972; Zakharov et al, 1974). 
In pOlytene chromosomes both cis and trans interactions 
between chromatids would be expected in the banding pattern. 
There is some evidence that when a band puffs the structure 
is maintained by a balance between RNA incorporation and 
transport of gene product from the puff (Beerman, 1966). 
There is some doubt whether this conclusion applies to the 
puff specifically or merely to the general health of the 
cell, for it may be that if either RNA synthesis or transport 
is completely blocked there are systemic consequences which 
Indirectly lead to puff regression. 	The normal banding 
pattern in polytene chromosomes has been found to puff in a 
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defined sequence in response to a number of simple changes 
in the environment, such as ionic balance (Lezzi, 1970). It 
is not known whether the puffing requires the dissolution 
of both cis and trans interactions. 	Preliminary results 
(R.D.G.M.) suggest that it is possible to obtain chromosomes 
in which only the cis interactions have been broken, leaving 
intact ribbon-like chromosomes with no bands. The reverse 
situation occurs in nature, where in some species towards 
the end of the larval period the chromosomes fray into 
ribbons each of which maintains the banded pattern 
(Bauer, 1938; Bier, 1960; White, 1948). Further research 
of this sort may lead to a deeper understanding of the 
mechanisms of chromosome condensation. The experiments 
comparing the unique sequences of the two sibling Drosophila 
species were designed to approach this question from another 
angle. 
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The Molecular Basis of Chromosome Organisation 
This problem IS of course indistinguishabLe from the 
cytological structure of chromosomes and has already 
been introduced. The fact that both the unique and the 
of Drosophila 
repeated DNA sequences from the 	two species/differ 
while their chromosome morphology is almost identical shows 
that either chromosome structure is not based on specific 
DNA sequences or that only a small part of the DNA is 
responsible for this function. 
This is particularly interesting with respect to 
the pOlytene bands of Drosophila, because the majority of 
the DNA in the arms of the chromosome is single copy 
(Hennig, 1972 a; 1972 b) and it night be thought to have 
some sequence specific function. 	Indeed this assumption 
lies behind the difficulty in relating the number of genes 
to the amount of DNA in a chromomere (see Judd and Young, 
1973). 	It appears however that the single copy DNA may 
contain a class which does not have a sequence specific 
function, it could of course do other things such as alter-
ing the rate of crossing over simply by being interposed 
between genes. 	It may be that this is the function of 
chromosomes to link genes at a particular distance from 
each other in which case detailed studies of DNA sequences 
in particular chromosomes could miss the point. To investigate 
the role of linkage at the molecular level requires a general 
assay for a gene or an exhaustive search for all the gene 
products in a small region. It would then be possible to 
relate the molecular linkage to the genetic map distance. 
Cytological studies show that the rate of crossing over is 
proportional to the amount of DNA separating bands for the 
X chromosome of Drosophila (RudkLn, 1965; LeFevre, 1971). 
On this basis one would conclude that much of the single 
copy DNA in Drosophila was not genes, however the mutation 
rate appears to be proportional to the haploid DNA value 
(Abrahamson et al, 1973). 
The argument for only a small proportion of the DNA 
coding for structural genes receives strong support from 
the hybridisation of c-DNA in excess to Drosophila DNA which 
whows that the c-DNA is complementary to only 2.4% of the 
genome (M. IzquierdO, pers. comm.). 	To conclude, it 
appears that there is only a small part of the genome that 
has a sequence specific function for either structural 
genes or some chromosomal role. 
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Evolution of DNA 
The properties of highly repeated simple sequence DNA 
argue strongly for some generating mechanism which acts 
quickly relative to the rate of base substitution (Britten 
and Kohne, 1969; Walker, 1971; 	Southerfl,1970 and 1974; 
Gall and Atherton, 1974). The question this raises is what 
happens to these sequences once they have been generated, are 
they deleted or do they diverge? The fact that some DNA 
fractions have the properties of diverged simple sequence 
DNA, such as being density satellites and yet have very slow 
rates of reassociation, Cot 1, shows that simple sequence 
DNA does diverge (Allen cited by Walker, 1971). 	Recent 
analysis of the distribution of base substitutions in mouse 
satellite DNA (Southern, 1974) shows that this class of DNA 
diverges randomly. 
As has been pointed out (Southern, 1971) the divergence 
of repeated sequences will slow their rate of reassocia tion. 
Thus a large proportion of the genome could be derived from 
DNA sequences that were once extremely simple and did not 
have any sequence specific function. 	The implication is 
that a considerable portion of the DNA irrespective of 
kinetic class still has no sequence specific function. This 
type of mechanism would lead to a class of unique DNA with 
a random sequence and probably no sequence specific function. 
This IThA should be evolving more rapidly than the sequences 
with a specific function as there will be no selection 
against base changes. The results presnted here suggest 
that this is the case in two ways. 	Firstly the unique DNA 
is evolving almost as rapidly as the repeated DNA suggesting 
that much of it is under the same selective constraints. 
Secondly and more directly the unique DNA is shown to be 
evolving more rapidly than those structural genes expressed 
in the cell line. 
It seems then, that there is a good case for the 
proposition that repeated DNA diverges randomly into unique 
DNA. 	The significance of this is of course that it requires 
a reappraisal of DNA function as only a small portion has a 
conserved sequence as an orthodox view demands. This is 
not the only interpretation of the results presented above. 
It may be that the more diverged class of unique DNA is not 
diverging randomly. 	An estimate of the absolute rate of 
neutral base substitution 	 make (Kohne, 
1970; McCarthy and Farquhar, 19.72; Rice, 1972). It is 
possible therefore that the more diverged single copy 
sequences are not evolving by neutral base substitutions 
but by mutations which are maintained by selection. 
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Conclusion and Srlminary 
The main concern of this thesis has been the relationship 
between DNA organisation and chromosome structure in eukaryotes. 
I am only too aware that there is no single and tidy conclusion 
that can be eloquently expressed in a single sentence. 
Rather, a series of points have emerged from the evidence 
presented hare and they are more or less clearly related to 
each other. 	It is,of course, in the less clear relationships 
between these points that the ideas for further experiments 
emerge, I have discussed some of these above. 
Cytological studies revealed that neither 
G nor C bands are caused by the differential 
reassociation of repeated DNA sequences. 
The fact that G bands can be observed by phase 
contrast and ultraviolet microscopy strongly 
suggests that they are caused by the differential 
distribution of chromatin. 
A mechanism of giemsa staining is suggested 
that is consistent with this hypothesis and 
some evidence is presented in its support. 
C bands were obtained with a technique that 
first gave G bands and it is suggested that 
the C bands are caused by the differential 
destruction of chromatin morphology. 
It is shown that the unique DNA sequences of 
D. melanogaster and D. simulans are not 
identical in spite of the very close similarity 
in the polytene banding patterns. 	This is 
interpreted to mean that there is either a small 
class of DNA responsible for chromosome morphology 
or that this function does not require a specific 
DNA sequence. 
6. 	The rate of evolution in transcribed sequences 
in a D. melanogaster cell line is much less than 
that of the total unique DNA. 	This result is 
interpreted in support of a model which suggests 
that the majority of the DNA of eukaryotes has no 
sequence specific function. 
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in i\Iaiitttialiaii \1LapIiat €1hrOH1OtII(iS 
l. D. G.McKav 
M. It. C. Maw rual ian Germona• t ii it. Department of Zoology 
University of l'(lInl)tIIgh 
Abstract. Bands have been observed in the fixed mitotic chromosomes of Mus 
niuscula,s L cell with no further treatment. These bands, which are very similar to 
U bands, can be seen by phase contrast nucroscopy, ultraviolet microscopy and 
Gold/Palladium shadowing. This indicates that the cause of banding is a differential 
distribution of chromatiji .Alterations in chromatin morphology can be induced by 
post fixation treatments of the fixed chromosonie. A model is constructed on this 
evidence which unifies the apparent variety in the techniques which are thought to 
induce U bands and explains the action of (Jiemsa stain. It is concluded that these 
treatments act by promoting the disruption of chromatin structure which is then 
refornieci in the presence of the Giemsa stain, the Azure-B component of the stain 
acting in a manner similar to divalent cations. A new technique for inducing C 
bands is reported. The denaturation and differential reassociatioti of DNA is not 
a suitable explanation of the mechanism of this technique. The hypothesis put 
forward here, explaining U bands, also explains the induction of C bands as a result 
of it differential destruction of chromatin morphology. The differential distribution 
of chroniatin that gives U bands is thought to be disrupted by a technique that 
maintains the niore resistant morphology of the cent.romeric heterochromat,in. C 
bands. 
Int roil uet ion 
There are marry staining techniques in use which allow the individual 
identification of mammalian mitotic chromosomes through characteristic 
banding patterns. The basis for this differential staining is unclear, 
though it is of some significance in view of the clinical importance of 
these techniques and the fact that these findings are already being in-
corporated in general models of chromosome structure (Stubblefield. 
1973). Apart from the fluorescent techniques (Caspersson et (il., 1968) the 
remaining methods have been divided into two classes according to 
whether the centromere or the whole chromosome is involved (Paris Con-
ference, 1971). Because of the similarity between the differential staining 
techniques and those used in in situ hybridisation (Pardue and Gall. 1970) 
it was thought that Giernsa selectively stains the rapidly reassociating 
repeated sequences in higher organism DNA (Arrighi and Hsu. 1971; 
Sumner et al., 1971). Subsequently, however, a number of techniques 
were developed which gave fine handing along the length of the chromo- 
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some (G Bands) but did not, include all the steps required for denaturation 
and differential reassociation of the DNA (Seabright, 1972: Dutrillaux 
etal., 1971: Kato and Yosida, 1972). The interpretation of hand formation 
is complex because a large number of treatments induce similar banding 
patterns. These include incubation with one of the following: organic and 
inorganic salts, bases, chelating agents, various buffers, detergents, 
protein denaturants. proteolvtic enzymes or an oxidising agent (Kato 
and Moriwaki, 1972: Kato and Yosida, 1972; Lee etal., 1973; Seabright, 
1972; Dutrillaux etal., 1971: Utakoji, 1972). Interpretations of the nature 
of G hands based on these techniques explain the formation of G bawls 
on either of two premises: that the post fixation treatment induces 
some specific alteration in chromosome morphology, or that it differ-
entially extracts some component of the chromatin. (' bands on the other 
hand have been thought of as the result of differential DNA reassociation. 
In this paper evidence is presented which shows that U hands are caused 
by differential chromatin condensation which is probably present in the 
living cell and not induced by the subsequent treatment. Morphological 
changes which were caused by treating fixed chromosomes and an 
analysis of the Giemsa staining method suggest a model which provides 
a single explanation of the diverse band inducing treatments and the 
action of Uiemsa. 
A new technique for differentially staining centromeric het.erochi'o-
mat.in (C bands) is reported which does not depend on differential DNA 
reassociation but which can be explained by the model which accounts for 
G bands. It is concluded that both C and G bands are due to a differ-
ential condensation of chromatin. 
The term differential chromatin condensation is used here to describe 
both the formation of metaphase chromosomes in the cell and processes 
which induce a differential distribution of chromatin in fixed chromo-
somes'. 
Materials and Methods 
Mitot.ic metaphase spreads were prepared from the Mu.s- L-M cell line (Bio-
Cult Ltd.) grown in 199 medium plus 10% calf serum. Mitotic cells either unsvnehro-
n.ised, partially synchronised by release from a 2.5 mM Thvmiduie block or arrest-
ed in mitosis by addition of Colehieine (0.06 ig/ml.2hrs.. B.D.H. Ltd.) wereshaken 
free in the culture bottles. The cells were then swollen for varying lenghts of time 
in 199 medium diluted with 3 parts of distilled water, 0.01 .' SSC (1 SS(' is 
1 Terminology: A.S.G.: this abbreviation is used to describe the method of inducing 
G bands introduced by Sumner. Evans and Buckland (1972). Sorensen's buffer: 
2.8 parts M/15 KH,PO 4 to 7.2 parts 11/15 Na.,HPO. 1 : pH 7.2 'collapsed chromo-
somes". first observed by Gorinley and Ross (1972). The distinctive feature of a 
collapsed chromosome is that the material is distributed at the periphery of the 
chromatids giving a contour effect and a large amount of material in what is normally 
the gap between the two chromatids (contrast Fig. 2b with either 2a or 2c). 
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0.15 M Na(l---ij.J5 M sodium citrate) or 0.075 M KCI. The chromosomes were nor-
mally fixed in 3: I ethanol: acetic acid and spread simultaneously on a slide (C. 
Bostock, personal communication). The slides were stained with Giemsa (B.D.H.) 
diluted 1 :411 with Srensens buffer (pH 7.2). Chromosomes were shadowed with 
GoldiPalladium as reported by Gormley and [loss (1972). 
The observations were made rising a Zeiss Neofluar 63/0.90 phase contrast 
objective with a correction collar. The best results were obtained if the material was 
mounted in air and covered with a coverslip to give maximum contrast and reso-
lution. Photographs were taken on Ilford Pan F film and printed on Kodak Bromide 
3 paper. Tire ultraviolet micrographs were taken using a Zeiss UMSP with a I(JOx 
(Jltrafluar objective on Polaroid 55 P/N film. The wavelength employed was 260 rim 
with a 2 or in slit width and a 5 nra half band width. 
Results 
IwIu(t,00 as a Prerequi.sit for (I /lau1iiuj 
(Jiemsa staining of the fixed chromosomes of 3111$ L cells was con-
.sistentiv found to give U bands without any other postfixat.ion treatment. 
While this observation at once rules out the necessity for a specific 
hand inducing step prior to staining, some part of the Giemsa staining 
may itself induce U hands. Evidence from other workers supports this 
suggestion. Kato and Moriwaki (1972) report that incubation in Sorensen's 
buffer for 20 minutes prior- to staining, induces G bands. Furthermore, 
treatment with Sörensens buffer (Barnett et al.. 1973) leads to the 
collapsed chromosome morphology that Gormley and Ross (1972) regard 
as a necessary intermediate stage in the A.S.G. banding technique. I 
have also observed this collapse when Mus L cell chromosomes were 
stained for 10 minutes rather than the 20 minutes which is optimum for 
U bands. 
(/1romosoine Morphology 
The implication that the coUapsed morphology i sa necessary inter-
mediate in the induction of U hands was disproved by the following 
observations. Incubation in distilled water. 22'C. 20 mins. gave the 
collapsed chromosome morphology (Fig. I a), but distilled water does not 
induce U bands (Kato and Moriwaki, 1972). Incubation with 0.1 Al EDTA 
gave the same result: Fig. 1 b shows a collapsed ehr-omosome spread after 
treatment with EDTA and shadowed with Gold/Palladium. This collapse 
is not observed after incubation in a dilute solution of divalent cations 
(0.01 M ('a or Mg­) (Fig. 2a). Furthermore the collapsed state is lost 
and there is a return to a morphology similar to that of the fixed chromo-
some if collapsed chromosomes are incubated in a solution of divalent 
cations (Figs. 2h and 2c). This reversible alteration in morphology may 
be obtained repeatedly with the same slide. It was also found that the 
collapsed morphology did not occur if chromosomes were incubated with 
1. 
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after treatment with distilled water (22 U. 20 in ins.) and air drying. The rIuonio- 
somesare collapsed. (b) Chromosomes collapsed by EDTA treatment (0.1 M,20inins., 
22 C') and air drying were shadowed with Gold/Palladium (45 ° ). The collapsed 
morphology can he seen to be due to three ridges of material parallel to the axis of 
the chromosome. (Bright field, x lOt) obj.) 
EIDTA and then critical point dried. On the other hand, controls which 
were air dried from amyl acetate, were uniformly collapsed. 
It would appear then that the collapsed state is not a specific result 
of the different inducing treatments but is simply due to the absence of 
divalent cations from these solutions which leads to the removal of 
cations from the chromatin or the alteration of some component de-
pendent on, or analogous to divalent cations. The absence of collapse 
after EDTA treatment and critical point drying argues that the chromatin 
is disrupted by the surface tension forces generated when air drying and 
not by the treatment itself. 
Phase and Ultraviolet Microscopy 
Phase contrast observations on fixed, air dried unstained chromo-
somes with the phase microscope cast further doubt on the role of the 
staining solution in the induction of G bands. In such chromosomes 
bands were often observed by phase contrast microscopy ("phase hands": 
Fig. 3 a) which were very similar to the G bands obtained after staining 
(Fig. 3 b). The surface topography of the phase bands (Fig. 4) was very 
similar to that obtained after Giemsa staining (Gormley and Ross, 1972). 
The correspondence between the phase bands and the G bands is not 
\1eclianisin of U and C Banding 	 0 
I 	lOm 
Iwo 4b 49 
• ' 
















• 	1 $ 
Fig. 2. (a) After iwuhation in 0.01 \l CM 	(15 wins.. 22 (1') and air diving, the 
Chromosomes are not collapsed (Phase contrast 	63 obj. ). (h) uhsequent treat- 
ment with EDTA (0.1 M, 21) ndns., 22'C) gives the collapsed morphology after air 
drying. (e) This collapsed state is lost after incubation in divalent cations (((.01 M 
CaCl2. 22 C. 1 hr.) 
complete, however, as a number of small differences have been observed 
see, for example, the chromosome marked by an arrow in Fig. 3c. This 
indicates either that the staining solution promotes some reorganisation 
of the chromatin while maintaining the majority of pre-existing phase 
bands oi that there is some differential staining of the chromatin. 
The general correspondence between the phase hands, the surface 
topography of the chromosomes and the G hands suggests that the 
differential staining is caused by a differential distribution of chromatin 
along the chromosome. Ultraviolet microscopy of fixed chromosomes 
without any further treatment was found to support this view. Fig. 5 
shows that phase bands also absorb more strongly at ultraviolet wave-
lengths (260±5 urn) at which DNA absorbs maximall y . The correspon-
dence between DNA concentration, assayed h Feulgen staining and the 
G bands has been previously reported for Chinese Hamster chromosomes 
(Kato and Moriwaki, 1972). These results show that the differential 
patterns seen by phase contrast microscopy and after Giemsa staining 
are clue to a differential condensation of the chromatin. 
That the presence of phase bands is not due to time inducing action of 














Fig. : a mid h. Time sam 	5iiad \\1 	siimmal before (a) and after Giemsa stailling 
(b). (a) Phase contrast. x 63 obi. (b) Bright field 	63 obj. (. (c) The comparison 
of the seine chromosomes before (left) and after (right) staining shows the very close 
similarity between the two patterns. The chromosome marked by an arrow shows 
an additional band after staining 
cated by the following: a) bands were observed under phase contrast 
after swelling in 0.01 x SSC or 0.075 M KCI as well as the diluted culture 
medium: b) chromosomes spread on an aqueous surface and then sta-
bilised with 0.5% uranyl acetate (Moses. cited by Solari. 1972) also showed 
hands under phase contrast. In the latter case the chromosomes had not 
been exposed to ethanol-acetic acid. After surface spreading the chromo-
somes were stretched to different degrees. The characteristic G hands were 
seen on the least extended chromosomes. When the chromosomes are very 
extended the resolution of stained and unstained regions of the chrorno- 
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Fig. 4. ltaiii 	(l)l)Ue11t IiII(l(F 	li. 	Iu&t 	. 	Ij. 	r.se toa corre- 
sponding surface topographyshnh (-an be seen when the (liromosonles areshadowed 
with Gold/Palladium (45) and viewed with bright field Optics (b. 	63 obj.) 
t' I lti 
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lirouiosujiie s1)read showin distinct haruls under pliasi. iul rust u as also 
\- 
 
I(wCd 1v ultraviolet rni(rosiopv (th 5nm). A comparison of the phase contrast. 
(left) and the u. v. patterns (right) is shown for the same chromosome 
somes ought to be easier. Giemsa staining of extended chromosomes, 
however, gave the same pattern as phase contrast microscopy. It appears. 
therefore that (iemnsa does not stain certain kinds of chromatin selecti-
vely but rather reflects differences in chromatin condensation. 
(' Bands 
The G hands are normally observed after 20 minutes staining in 
Giemsa. When lies chromosomes were only stained for l() imminhifes. how- 
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Fig. 6. After treatment with s \l ir&a 	 it oieiistii s buffer el-I 7.2 l,ntiits.. 
the chromosomes were stained vi1 Ii I le111ai. The ( hands are clearly present. a. Phase 
contrast / 63 obj.). b) Higher magnification of a chromosome found in L cells which 
has six secondary coris trictions. the secondary constrictions can be distinguished 
front the centromere because of the double nature of the lattcr (arrowed) 
ever, some of the C hands were prominently stained and very few of the 
G bands. The implication is that the C bands and the 0 bands have 
staining characteristics in common. In M?,ts L cells this was confirmed by 
the observation that C bands were obtained if the fixed chromosomes 
were incubated in S M urea dissolved in SOrensen's buffer, for times 
varying from 5 minutes up to 2 hours. If the incubation is very short 
(10 seconds) the G bands are still seen but as the length of the incubation 
in urea is increased the G bands are progressively disrupted. The best 
conditions for observing the C bands occur at a time when the (entro-
meric regions stain magenta and the rest of the chromosme remains blue 
because of the polychrome nature of the de (Fig. 6). With continued 
staining the chromosome arm becomes magenta even though the U handing 
pattern is disrupted. Prolonged treatment with urea, more than 4 hours, 
disrupts the C bands as well. Thus, with this procedure, C hands are 
observed after U bands have been destroyed by a procedure that will 
eventually also remove the C bands. These observations are not consist-
ent with the differential induction of C bands by denaturation and rena-
turation of DNA. 
The Nature o/ Gienaa Staining 
The importance of DNA in the Giemsa staining is implied by a 
further observation made when chromosomes were irradiated with ultra- 
)Iec'Iiariisni of G and C Banding 
violet light before staining. The absorption of chromosomes in the u.v. 
was observed to fall with prolonged irradiation, suggesting that the l)XA 
which absorbs nv. much more effectively than proteins at the wave-
lengths employed is being destroyed by the formation of dimers, hydrates 
and breaks. Subsequent staining of irradiated spreads with Giemsa showed 
that the longer a particular spread was exposed to n.y. the less stain was 
taken up and the colour of the stain changed progressively from the 
characteristic magenta to bill( , . '11w parallel between the u.%-. absorption 
and the staining suggests that the l)NA may be responsible in some direct 
way for the binding of the dye. 
The blue and magenta staining is (lue to different components in the 
Giemsa stain. These two colours were also observed when slides were 
destained in dimethyl_sulphoxide which has half the dielectric constant 
of water. The magenta stain was lost in less than ten minutes at room 
temperature leaving the chromosomes stained blue. A similar blue 
colour was obtained and the banding pattern was seen after stainiog with 
a solution identical to Giemsa (Uurr, 1905) but containing only Azure B 
instead of the Azure 2 and eosin. This stain was removed from the chrorie 
somes by dimetliyl-sulphoxicle more slowly than the magenta colour 
given by Giemsa. 
When the fixed chromosomes were observed (luring progressive 
staining with Giemsa. similar colour changes occurred. The blue colour 
appears first followed by the magenta which gives increased prominence 
to the bands. Giemsa staining therefore appears to involve two steps: 
initially the Azure component, Azure-2 is taken up. This probably binds 
to DNA phosphate groups giving the blue colour. This is followed by the 
formation of the magenta colour which, because it is more easily lost, is 
thought to be bound more weakly. The fact that the slides can be over-
stained obscuring the banding pattern suggests that this second stage 
represents a non-specific plating of the Azure-2 and eosin. 
I) ISCUSMi011 
The results reported here show that the U hands can be observed by 
either' phase contrast or nv. microscopy, without an- postfixatron treat-
ment or staining. U bands, therefore, are not necessarily induced by 
postfixation treatments. The remaining question of whether the hands 
are induced by the methods of preparing fixed chromosomes can only be 
approached indirectl y because of the difficulty i n observing untreated 
chromosomes in rico. ilvpotonic treatment and fixation are both known 
to affect chromosome morphology (Ohnuki, 1968) and composition 
(Dick and Johns. 1968). But if hvpotonic treatment does induce banding 
its effect cannot be dependent on the composition of the hvpotonic me-
chum itself as phase bands are seen after swelling in different types and 
10 	 R. D. U. McKay 
concentrations of hvpotonic solution. Fixation in ethanol-acetic acid 
does not have an essential role since chromosomes stabilised in uranyl 
acetate also showed phase bands. While the possibility that the swelling 
and fixing contribute to the appearance of phase bands cannot he ruled 
out, these results taken together are most easily explained if the hands 
are present in vivo and not induced by the preparative treatment. 
The parallels seen between phase bands, u.v. hands and G hands in 
this study show that differential Giemsa staining is based on differential 
chromatin condensation. The differences between phase and Giemsa bands 
and the variation in G band patterns (lJtakoji, 1972; Dutrillaux and 
Lejeune, 1971) do show. however, that post fixation treatment is not 
without affect. The simplest explanation of these differences is that the 
various post fixation treatments lead to different patterns of chromatin 
condensation in site. There is no need to postulate a complex relationship 
between the stain and the fixed and subsequently treated chromatin to 
account for the precise patterns observed, as studies on isolated polvtene 
chromosomes have shown that simple changes in pH or ionic regime lead 
to very precise alterations in chromosome morphology (Lezzi, 1970; 
Robert. 1971). The reversible alteration of chromosome morphology 
brought about by the removal and replacement of divalent cations un-
doubtedly reflects changes in the substructure of the chromatin compris-
ing the bands, since Solari (1968) has demonstrated the reversible effects 
of cations on the configurations of chromatin fibrils. While the alteration 
or removal of proteins may affect the chromosome morphology, it is clear 
that the concept of differential chromatin condensation can account for 
various patterns of G bands being observed after different post fixation 
treatments 
The evidence presented here that banding is a consequence of differ-
ential chromatin condensation is at odds with the conclusions of Comings 
et al. (1973). They conclude that handing is caused by an alteration in 
DNA non-histone protein interaction. There is however no direct evi-
dence for this interpretation and it is based on the argument that all 
other possibilities can be eliminated. They reject differential chromatin 
condensation as a cause of banding as a result of finding uniform Feulgen 
staining of mouse L cell chromosomes, contrary to the results of Kato 
and Moriwaki (1972). 1 have confirmed Kato and Moriwakis results 
with mouse L cell chromosomes but I have also found uniform staining 
in some cases which may account for the discrepancy. In any case more 
direct evidence is reported here as the ultraviolet micrographs (Fig. 5) 
can be compared directly with the phase contrast micrographs as there 
has been no intervening biochemical treatment which may alter chromo-
some morphology. Furthermore the observation of phase bands undercuts 
the argument that the bands are caused by post fixation treatments. 
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Therefore the biochemical interpretations of such treatments does not 
refer to the origin of hands but rather to their modification. 
An explanation based on differential chromatin condensation brings 
together other evidence suggesting a relationship between chromosome 
substructure and G banding. The chromoinerie patterns along extended 
mitotic and meiotic chromosomes represent t lie differentialcondensation of 
chromatin as the cell moves into metaphase. In both these cases thechromo-
na'k pattern resembles the ( handing pattern of metaphase chromosomes 
(Utakuji. 1972: Hungerford, 1972). The ( banding pattern has also been 
shown by Kato and Vusida (1972) to correspond to the spiral arrange-
inent of mitotic chromosomes (Ohnuki, 1972) Another observation that 
can be simply accounted for by the hypothesis of differential chromatin 
condensation is that in certain mouse cells the alIo(vclie X-ch romnosome 
is both shorter and more densely stained with Gienisa than the euchro-
matic X-chromosome (Takagi and Osh imura, 1973). 
The results presented here suggest a mechanism for G band formation 
which unifies the apparent chemical diversity of inducing treatments and 
also explains the action of Giemsa stain. The two essential elements of 
the mechanism are an alteration of chromatin substructure and its re-
constitution in the presence of (iemsa. The alteration is apparently 
brought about by the removal of a cationic component which leads to the 
collapse of the chromosome on air drying. None of the G band inducing 
treatments reported contain divalent cations and thus, whatever other 
effect these treatments may have, they should all share the propensity 
to induce the collapse of chromosomes on air drying. Reconstitution of 
chromosome morphology takes place on the addition of divalent cations 
or Giemsa stain. \Vlien the fixed chromosome is stained with Giemsa and 
observed progressively, the collapsed state, in which the hands are 
obscured. can be seen after ten minutes staining and air (Irving whereas 
the G bands can be clearl y seen after twenty minutes staining, it appears 
then that both steps occur in the staining solution and the mechanism 
leading to deformation occurs more quickly than that of reconstitution in 
the presence of the (iemsa stain. The polyvalent cationic nature of the 
dye allows it to act in the same way as divalent cations in the reversal 
of the collapsed chromosome morphology. 
The plycIroiiw nature of the Giemsa stain is revealed by the ob-
servations reported here. 'Flie Azure-2 nìoiet appears to bind first in a 
similar proportion to the DNA concentration and in the same way as 
Azure B when used alone. As hands can he seen after staining with Azure 
B. it is probably this component of the stain and not the azure-eosinate 
that restores the chromosome structure which resists collapse. Subse-
quent ly the azure-eosmnate binds more loosely, giving a magenta colour 
and amplifying the contrast of the hands by disproportionate staining. It 
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is this stage of the Giemsa staining which if allowed to continue for too 
long obscures the banding pattern with a very intense magenta colour. 
The importance of this model is that it, accounts for the induction 
of G bands on the basis of differential chromatin condensation and 
suggests a simple mechanism by which Giemsa reveals this differential 
condensation rather than the more complex mechanisms based on the 
primary characteristics of chromatin, such as base composition or the 
nature of associated protein which have been postulated previously. The 
alteration of any of these primary characteristics must be supposed to 
alter the G band pattern only in so far as it leads to a different pattern 
of chromosome condensation. 
The roles of post fixation treatment and Giemsa staining in this model 
can also serve as an explanation of C hands. Because the post fixation 
treatments in C banding are similar to in $itu hybridisation techniques, 
differential J)XA reassociation has been used as the basis for inter-
preting C hands (Arrighi and Hsu, 1971 Sumner, 1072). Such treatments 
could also he interpreted, however, as severely disrupting all but the most 
tightly packed chromatin, the het.erochroxnatin. This latter inter-
pretation is supported by the observation reported here that prolonged 
exposure to 8'M urea produces C bands. The fact that G bands were 
clearly seen at an earlier stage in this treatment suggests that the 
difference between the two kinds of banding is not qualitative hut, 
rather, one of degree. The nature of this treatment excludes differential 
DNA denaturation and reassociation as an explanation for C hands and 
strongly supports the hypothesis that C' and G handing patterns iii 
mammalian nietaphase chromosomes are due to differential chromatin 
condensation. Preliminary results on human mitotic chromosomes 
support this general conclusion since, here too, bands have been ob-
served by phase contrast microscopy of the fixed unstained chromosome 
and G bands have been observed without any treatment other than 
Giemsa staining. 
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Added in the I'roo/. After this paper had been accepted for publication a paper 
was published showing the close correspondence between the C bands of mouse 
chromosomes and the distribution of DNA assayed by Feulgen staining [Rodman, 
T. (I'.. Tahiliani, S.: Tile Feulgen banded karyotype of the mouse. Chromosoma 
(Berl.) 42. 37-56 (1973)]. This finding corresponds well with the results of u.v. 
microscopy and Feulgen staining of mouse L cell chromosomes reported above. Even 
though variations in the techniques employed lead to slightly different interpreta-
tions of the results, it is clear that differential chromatin condensation can give rise 
to bands in mammalian metaphase chromosomes. Rodman and Tahiliani found that 
post fixation treatment with alkaline solution and SSC was necessary to reveal the 
differential DNA distribution and they conclude that the bands are induced by this 
treatment.. I found that. post fixation treatment was unnecessary and I have there-
fore suggested that bands occur in vivo. Recently Ferguson-Smith and Page [Pachy -
tene analysis in a human reciprocal 10-11 translocation. J. med. Genet. (in press, 
1973)] have demonstrated a very clear correspondence between the 0 hands on 
human chromosomes 10 and 11 and the major chromomeres at pachytene. As 
chroniomeres have been observed in sectioned material they are thought to be struc-
tures which occur in. vim. Thus while it is clear that C bands are visualised by post 
fixation treatment, this is not always necessary and there is support for the hy-
pothesis that both the mitotic C bands and the meiotic chrornonieres are the result 
of a process of differential chromosome condensation in vivo. 
Received April 4-May 2, 1973 1  Accepted by R. B. NickIng 
Ready for press May 8, 1973 
R. D. G. r%lekay 
MRC Mammalian Cenoine Unit 
Department of Zoology 
University of Edinburgh 
West Mains Road 
Edinburgh EH9 3 JT 
Scotland 
